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I. INTRODUCTION 
The purpose of a physical theory is to correlate and 
interpret the experimental facts in a certain area and to 
predict the outcome of future experiments in that area. One 
of the more successful theories of modern physics in these 
respects is quantum electrodynamics, which deals with the 
interactions between charged particles and the electro­
magnetic radiation field. This theory is well established 
and although there are some mathematical difficulties still 
associated with it, it can answer every reasonable question 
put to it and does so with great accuracy in some instances. 
For example, the calculated magnitudes of the Lamb shift in 
hydrogen and of the anomalous magnetic moment of the 
electron agree with the experimental values within a few parts 
in 10^. These are severe tests and so there is no doubt that 
this is the theory to be used when dealing with electrons, 
* 
positrons and photons. 
Two areas, in which this theory applies, which are perti­
nent to the present work are the creation of electron-positron 
pairs by a photon in the Coulomb field of an atomic system and 
the related process of the radiation of photons by an electron 
scattered in the atomic Coulomb field (bremsstrahlung). Not 
In this discussion, photons, gamma-rays, and X-rays will 
be used interchangeably to denote the entities of the electro­
magnetic field. Electrons are the negatively charged 
particles of rest mass 0.51 Mev. 
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only are these processes interesting from an academic point 
of view, but they are also interesting from a "practical" 
aspect. For instance, bremsstrahlen are the output of 
accelerators used to induce photonuclear reactions. To inter­
pret the experimental results one must know the distribution 
in energy and angle of photons produced by the bremsstrahlung 
process, particularly at the high energy limit (the tip) of 
the photon spectrum. However, as in many problems in quantum 
mechanics, these distributions or cross sections cannot be 
calculated exactly since the wave equation cannot be solved 
exactly. Hence various approximations must be used which 
place restrictions upon the validity of the results. 
The simplest of these approximations, and the one whose 
results are used in interpreting photonuclear reactions is 
the Born approximation. The calculation was performed by 
Bethe and Heitler (1) and the results are limited to regions 
of high energy and materials of low atomic number; the Born 
criterion, aZ<^(3, must hold, where a = 1/137, Z is the atomic 
number, and (3 is the smallest final particle velocity. For 
bremsstrahlung, the criterion holds over most of the photon 
energy spectrum and the calculation has been amply verified by 
experiment, among the most recent of which have been the 
measurements by Langmann (2). This approximation predicts a 
zero cross section at the high energy limit where the emitted 
photon takes all of the incident electron's energy. Clearly 
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the outgoing electron does not satisfy the Born criterion in 
this case and a more exact calculation by Fano (3) indicates 
the presence of a finite tip. Recent calculations by Johnson 
and Mullin (4) reveal that a large correction to the Fano tip 
may be necessary even at low Z, and further, for high Z it is 
not apparent that the Mullin result converges. Thus it is of 
interest to see how these calculations compare with measure­
ments of the photon spectrum at the high energy limit. 
Current experiments by Miller (5) investigating the 
bremsstrahlung spectrum demonstrate the existence of a finite 
tip and thus substantiate the failure of the Born approxima­
tion. However, his procedure is applicable only at the tip 
because of his experimental arrangement, which will be 
described in the next section. To supplement Miller's re­
sults, one might think of measuring the final electron energy 
spectrum instead of the photon spectrum but calculations by 
Ford and Mullin (6) indicate that the low energy electron 
spectrum will be completely masked, even at large angles, by 
Moller scattering of the incident electrons on bound atomic 
electrons. 
Another possible method, and the one used in the present 
study, may be derived from a related process such as pair 
production. Figure 1 shows the similarity between the two 
phenomena on an energy level basis. In the bremsstrahlung 
process an electron with total energy E% drops to an energy E2 
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Figure 1. Energy level diagrams 
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in the presence of the Coulomb field of an atom and the energy 
difference appears as an emitted photon with energy (E]_ - Eg) . 
In pair production one of the electrons in the filled negative 
energy sea with total energy -E+ is raised to an energy E_ 
in the presence of the atomic Coulomb field by absorption of 
a photon with energy (E+ + E_). The hole in the negative 
energy sea appears as a positron with total energy E+. Be-
2 
cause of the band 2 mcc wide which is vacant of energy levels, 
the photon must have a minimum energy 2 mQc2 = 1.02 Mev to make 
the reaction go. Physically this means that the photon must 
at least be able to create two electron rest masses. Thus 
it is seen that pair production is just the inverse of the 
bremsstrahlung process. Calculations in the Born approxima­
tion have been made by Parzen et al. (7) and (8) of the energy 
spectrum of positrons or electrons created at large angles to 
the direction of the incident photon. Analogous to the 
bremsstrahlung tip, the calculation predicts a zero cross 
section if either of the particles has zero kinetic energy. 
Again the Born criterion does not hold at these energies and 
one would like to know how this failure affects the cross 
section. One might, for instance, expect an asymmetry between 
the electron and positron spectra to exist due to the effect 
of the nuclear Coulomb field. Also, analogous to the Fano 
calculation, an early calculation by Nishina et al. (9) indi­
cated the possibility of a non-zero cross section at zero 
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electron kinetic energies. (The low energy positron spectrum 
should still go to zero due to the repulsion of the nucleus.) 
It was determined early in the present work that it was 
not feasible to investigate the low energy electron spectrum 
since it was masked by competing processes, presumably the 
Compton effect on bound atomic electrons and the photo 
electric effect, but the positron spectrum would be accessible 
to measurement since the only source of positrons is pair 
production. Therefore, an investigation was initiated to 
measure the cross section of moderately relativistic (0.1 -
1.5 Mev) positrons created at large angles to an energetic 
(20 - 40 Mev) photon beam in moderate to high Z materials. 
It is expected that from this cross section inferences can 
be drawn about the shape of the high energy bremsstrahlung 
tip and the validity of the more exact calculations than the 
Born approximation. 
In Figure 2 a diagram of the experiment is shown. The 
photons are emitted from the Iowa State University 70 Mev 
synchrotron and produce pairs in the target. The positrons 
that are emitted at right angles to the photon direction are 
energy analyzed by a double-focusing magnetic spectrometer and 
are detected by a coincidence telescope to reduce the back­
ground. The positron energy spectra are measured from dif­
ferent targets (variable Z) and at different synchrotron 
maximum energies (variable photon energy). 
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Figure 2. Diagram of the experiment 
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The main difficulty encountered in performing this 
measurement arises from the use of the synchrotron as the 
source of high energy photons. Since it emits the continuous 
bremsstrahlung spectrum, the energy of a particular pair-
creating photon is not known. Thus the cross section is ob­
tained integrated over the bremsstrahlung spectrum and ap­
proximations have to be used to extract the differential 
cross section from this integral. Assumptions must be made 
concerning the contributions from the low energy photons since 
the calculations are not valid in this region. 
The results of this investigation are consistent with the 
Born approximation regarding the dependence of the cross 
section upon the photon energy, the positron energy, and the 
atomic number of the target element but the absolute magnitude 
of the measured cross section is an order of magnitude larger 
than the calculated one. A more detailed review of past 
calculations and experiments will be given followed by a 
description of this work; the apparatus, the corrections, and 
the conclusions. 
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II. REVIEW 
A brief review will be presented of the theory and ex­
periments that have been done in the region of interest of 
this work. Because of the similarity between the two proc­
esses, a historical survey will be given of the pertinent work 
done in bremsstrahlung as well as in pair production. 
Since bremsstrahlung and pair production are essentially 
collision processes in which a system of electrons and photons 
in an initial state undergoes a transition to a final state by 
virtue of an interaction with a scattering center, the problem 
is best treated by time-dependent perturbation theory, a dis­
cussion of which can be found on p. 136f in Heitler1 s book 
(10). One obtains the cross section 
2 
a " I Hifl 2 irp/6 I 
where I is the incoming particle current, p is the density of 
final states and Hj_f is the matrix element which causes the 
transition. The approximations enter in this calculation when 
one decides what wave functions to use in calculating Hj_f. 
This choice also depends upon how much of the Hamiltonian is 
considered to be included in the perturbation. 
In the Born approximation, the wave functions are those 
of a free electron, i.e. plane waves. Since the absorption or 
emission of radiation by a free particle cannot conserve both 
momentum and energy, a nucleus must be present. Thus the 
perturbation consists of not only the interaction between the 
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electron and radiation field but also includes the interaction 
with the Coulomb field of the nucleus. In the first order, 
the Born approximation gives a zero result for the cross sec­
tion and so one must use second order theory which involves 
intermediate states. This calculation was originally perform­
ed by Bethe and Heitler (1) and also by Racah (11) and the 
details are given on p. 242f in Heitler (10). 
The Bethe-Heitler bremsstrahlung cross section was 
integrated over the angle of the outgoing electron by Schiff 
(12) who included the effect of the screening of the nucleus 
by the atomic electrons. The Schiff formula has been used 
extensively to represent the X-ray spectrum generated by 
electron accelerators since it is a closed form and has been 
verified to within 10% by numerous experiments in the rela-
tivistic region (initial electron energy )> 2 Mev) ; see, for 
example, the comprehensive review by Koch and Motz (13). 
However for heavy elements, the Born criterion aZ (3 is 
poor even when £ « 1 and if more exact results are needed, a 
Coulomb correction must be applied. This was done by Bethe 
and Maximon (14) who used as wave functions, solutions for an 
electron in a Coulomb field correct to aZ. In this case first 
order perturbation theory gives a non-zero result. This cor­
rection is valid at extreme relativistic energies and has been 
verified by Brown (15) who also summarizes the results of 
earlier experiments. 
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In the non-relativistic region (initial electron energy 
(10 kev), the theory of bremsstrahlung or the continuous X-
ray spectrum has been treated by Sommerfeld (16) who was able 
to exactly solve the Schrodinger equation for an electron in a 
Coulomb field. The limitations of the theory and comparison 
with experiment have been given recently by Motz and Placious 
(17) . 
The particular area of interest of the present work is 
not covered by any of the above theories. This is the high 
energy tip of the bremsstrahlung spectrum where the initial 
electron is highly relativistic, whereas the final electron 
has a kinetic energy approaching zero. The Born approximation 
predicts a value of zero for the cross section at the tip but 
the Born criterion breaks down here. The Sommerfeld and the 
Bethe-Maximon theory both correctly predict non-zero values 
but the former is strictly non-relativistic and the latter 
neglects terms of the order of l/E where E is the final elec­
tron total energy. 
_An estimate of the value of the cross section at the tip 
was first made by Guth (18) who sought to rectify the rela­
tivistic Born calculation (Bethe-Heitler) at the tip by the 
same factor that corrects the non-relativistic limit of the 
Born calculation to the exact calculation (Sommerfeld). The 
matter rested until Fano (3) did a calculation utilizing the 
fact that the high energy limit of bremsstrahlung is the 
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inverse of the atomic photoelectric effect in the first order 
(neglecting binding energies). Using the Sauter photoelectric 
cross section and adjusting the density of final states, he 
obtained the value for the total cross section 
Ogp * 4tt. a2 Z3 rQ2 dk/k 
where 4ir rQ2 = 10cm2 and k is the energy of the emitted 
photon. This is the same as Guth's cross section. However 
it is known that the Sauter photoelectric cross section over­
estimates experiments by a factor of 2 or more so the Fano tip 
may be too large. Next Johnson and Mullin (4) performed a 
direct tip calculation by determining the a2Z2 correction to 
the Bethe-Maximon approximate Coulomb wave functions. The 
resulting cross section is 
— (fgp e (1 — 4ir a z/15) 
It is seen that this is a 30% reduction for as low a Z 
material as aluminum. Recently a third order calculation by 
Mullin et al. (19) obtained the a2Z2 correction to the Fano 
tip. Their cross section is 
aMDH = °SF ^aZ F(7) (1 - 0.84 a z + 0.65 a2Z2) 
where 
F(?) = [2 r (*y) ]2 [r(2y + 1) ]-2(2aZ)2Y-2, 
Y = ^ l - a2Z2 an<^ r is the gamma-function. Thus the series 
seems to be slowly converging at best. 
The experimental evidence tentatively supports the finite 
tip and the results are reviewed by Fano et al. (20) who 
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compares them with his theory. Realizing that the Sauter pho-
toeffect calculation is too high, he reduced his theoretical 
value by the ratio of the Sauter calculation to the photoeffect 
experimental results and got good agreement with the brems­
strahlung experiments. There is no analytical form for this 
"corrected" ffgp however, although the Mullin results are in 
the right direction. 
Most measurements of the photon spectrum are ineffective 
at the tip due to a detector resolution of from 5 - 10%. The 
first definitive information about the value of the cross 
section at the tip was reported by Miller and Waldman (21). 
By exciting a nuclear isomeric level with bremsstrahlung 
radiation they demonstrated the existence of a finite tip. 
The most recent measurement of this kind was done by 
Miller (5) utilizing the sharp metastable level at 2.1 Mev in 
B3""L. The method can be explained by the use of Figure 3. By 
varying the energy of an electron accelerator, various photon 
distributions with maxima E^, Eg, etc. are produced as in the 
upper graph. As these spectra scan a delta-function detector 
at energy EQ, such as a sharp nuclear level with energy EQ, 
the response is given by points a, b, etc. When these points 
are plotted against the spectral maxima, an isochromat re­
sults as shown in the lower graph. It is seen that a finite 
spectral tip is reflected in a finite isochromat tip but that 
little can be said concerning the shape of the spectra away 
14 
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Figure 3. Bremsstrahlung isochromat 
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from the tip. 
Also, the maximum value of E0 that has been used is the 
15.1 Mev C-*-2 level by Fuller et al. (22) . One would like to 
go to higher energies and also determine how the Born approxi­
mation results, which are valid over most of the spectrum, 
approach the value at the tip. As was mentioned in the intro­
duction, the other alternative, the detection of the low 
energy final electrons, is made difficult by the competing 
reaction of Mol1er scattering, which can occur at angles 
larger than 90° due to the momentum of the bound electrons. 
Two step processes such as Moller scattering followed by 
elastic nuclear scattering will also be significant even for 
very thin targets as calculated by Ford and Mullin (6). Thus 
one can gain only a limited knowledge of the shape of the high 
energy bremsstrahlung spectrum near the tip by measuring ei­
ther the photon isochromat or the final electron spectrum. 
Turning to the related process of pair production, one 
finds that the calculation in the Born approximation was also 
done by Bethe and Heitler (1) and by Racah (23) and the de­
tails can be found on p. 256f in Heitler (10). As a matter of 
historical interest it was this result which first explained 
the anomalous absorption of gamma-rays reported by Chao (24) 
and others and was a direct confirmation of Dirac's hole 
theory. 
This cross section integrated over the angle of one of 
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the particles (it does not matter which one since the Born 
approximation is symmetric in the role of the electron and 
positron) was studied by Parzen et al. (7) and (8). They were 
surprised to discover that a peak occurred in the energy 
spectrum of the other particle at large angles to the incident 
photon direction (© » mQc2/E^) and at low energies (E+~mcc2). 
Since the present experiment was performed in this region, it 
is of interest to explain the presence of this peak by a 
simple physical argument as outlined in Figure 4. One of the 
particles, the positron for instance, is observed at a large 
angle to the incident photon, at 90° for simplicity. Also 
the figure is considered planar. Upon equating momenta and 
energy, recognizing that the most probable angle for the other 
particle is mainly forward and invoking the approximation that 
Py yy 1 one gets an expression for the momentum Pn carried 
off by the nucleus. This quantity has a minimum when P+ = \ 
which corresponds to kinetic energy of 60 kevj a more exact 
calculation gives 160 kev. Since the cross section contains 
a factor of Pn-^, when Pn is a minimum, the cross section 
attains a maximum, or a peak. It is seen that for large By, 
the peak is independent of the incident photon energy and the 
argument depends only upon the dependence of the cross section 
on Pn. Parzen et al. maintain that the peak is not due to the 
failure of the Born approximation since less singular 
potentials than the Coulomb give rise to a peak and the Born 
17 
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Figure 4. Physical interpretation of the peak 
criterion is then fulfilled even for low energy particles. 
For zero kinetic energy of either particle, the cross section 
is zero. 
Regarding the total pair production cross section, the 
Bethe-Heitler result seems to hold best in the photon energy 
region of 5-10 Mev. Below this energy the Born approximation 
breaks down because and/or £>_ become small and exact 
numerical calculations at a few energies and Z values have 
been done by Jaeger and Hulme (25). An empirical extension to 
other values of Z and energy and a comparison with experiment 
is given by Zerby and Moran (26) . As in the case of brems­
strahlung, the Born approximation begins to fail even at high 
energies if Z becomes large. The higher order calculation of 
Bethe and Maximon (14) then applies and their results have 
been experimentally verified by Moffatt et al. (27) and earli­
er workers. 
Again, none of the above theories are valid in the limit 
where either the positron or the electron has a kinetic ener­
gy approaching zero. In a more exact treatment, the effect of 
the Coulomb field will destroy the electron-positron symmetry 
and this was detected by Alikhanov and Dzelepov (28) and 
others. The result is analogous to the asymmetry between 
positron and electron beta-decay spectra as described by the 
Fermi function. Because of this Coulomb repulsion, the peak 
in the positron cross section should be shifted to high 
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energies. An order of magnitude calculation can be made by 
an inspection of the term in the cross section arising from 
the Coulomb interaction exp(iPn•r)dv/r. The main contri­
bution to this integral is from values of r ~ 1/Pn. This 
distance, for the minimum Pn ~ 1, is less than the radius of 
the first Bohr orbit even in heavy atoms and so screening will 
be unimportant. The kinetic energy gained by a positron 
created at this distance from a nucleus with charge Z upon 
moving to infinity is of the order.of a Z and so could be a 
few hundred kev for heavy nuclei. Conversely, the electron 
peak would be shifted to lower energies and might even dis­
appear . 
An approximate calculation of the total pair production 
cross section in the limit of one of the particles having a 
very small energy and the other having a very large energy 
was made by Nishina et al. (9). Upon extrapolating these 
formulas to zero kinetic energy, one obtains for the electron 
a finite value 
cr- - 4ir a2 Z3 rQ2 dE_/E_ 
which is the same as the Fano bremsstrahlung tip, and for the 
positron the cross section goes to zero exponentially. The 
latter is due to the fact that regardless of the details of 
the interaction, a positron cannot be created in a state of 
rest unless it is infinitely far away from the nucleus. Fano 
(3) reported the same dependence at the zero energy limit. A 
20 
third order calculation similar to that of Mullin et al. (19) 
is "being performed by Hammer and Moroi* and should give the 
spectral shape of both electrons and positrons near and at 
the low energy limit. 
Hammer, C. L. and D. Moroi, Physics Dept., Iowa State 
University, Ames, Iowa. First order correction to the Bethe-
Heitler pair production cross section. Private communication. 
1961. 
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III. THE EXPERIMENT 
A. Introduction 
The intention of this experiment is to measure the spec­
trum of low energy positrons created at right angles to the 
direction of the incident photon and to determine the absolute 
magnitude of the cross section and its dependence upon the 
energy of the incident photon, the energy of the positron, and 
the atomic number of the target. The procedure for making 
these measurements can be followed with the aid of the flow 
sheet in Figure 5 which breaks up the experiment into a 
series of blocks. In each block, the upper label identifies 
the instrument and the lower label describes the correction 
and calibration used at that stage. First, the photons are 
produced as a continuous spectrum by the synchrotron and so 
ultimately, the required cross section must be extracted from 
an integral over the bremsstrahlung spectrum. These photons 
proceed to the target through various collimators and a 
sweeper magnet to clean the beam of charged particles. The 
major portion of the beam continues to the dosemeter which 
monitors the intensity and thus indicates the number of 
photons incident on the target. In the target pairs are 
created and corrections must be made for the distortion pro­
duced by elastic and inelastic scattering of the positrons as 
they leave the target before entering the magnet. In the 
center block, it is shown that the positrons are energy-
22 
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Figure 5. Flow sheet of the experiment 
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analyzed in a magnetic spectrometer and then detected with a 
counter telescope consisting of two detectors operated in 
coincidence. The. absolute transmission of this system must be 
known to obtain an absolute cross section. Day-to-day 
normalization of the detectors is maintained with a standard 
source. Finally the output of the coincidence circuit, the 
"raw data", must be corrected for the counter dead time and 
the electronic resolving time of the coincidence circuit. 
In order to correlate all of these corrections and to 
introduce the mathematical formulation, a series of equations 
will be given that transform the raw data into the desired 
cross section. Each step will then be elaborated in the 
section dealing with that instrument. 
The quantities recorded during each run are the scaler 
readings from the two detectors and from the coincidence 
circuit and the elapsed time, all for a unit response of the 
dosemeter to the beam. Runs are made at different synchrotron 
energies X and different spectrometer settings p, which 
correspond to the positron momentum. The true counts per dose 
being detected are 
N (X, p) - CgCn(Mc - MgMpTc/t) (1 - MgTg/t - M r/t - MpTc/t) ^  
- (Identical expression for the background). (1) 
where Mc,Mg and Mp = the recorded counts from the coincidence 
circuit, front detector and back detector 
respectively, all functions of X and p. 
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t = the time to accumulate one dose. 
Tc(X) = the resolving time of the coincidence circuit. 
Tg(X) = the dead time of the front detector (a Geiger 
counter). (The back detector, a photomultiplier 
tube, has negligible dead time). 
Cn • the normalization factor for the detectors. 
= the normalization factor for the dosemeter. 
Next one divides by the momentum p to correct for the 
momentum window whose width varies as p for a magnetic 
spectrometer. The resulting number is equal to the product 
of the counts that leave the target and the transmission of 
the spectrometer, the latter includes the efficiencies of 
the detectors as well as the solid angle subtended by the 
spectrometer. The counts leaving the target are then 
U(X, p) - N(X,p)/pT(p) (2) 
where T(p) is the spectrometer transmission. 
The beam irradiates the target in a finite-sized spot 
and the effect of this extended source is to broaden the 
response of the spectrometer to a mono-energetic positron 
source. The spectrometer also gives an inherent broadening 
due to its finite resolution which effect is not included in 
the transmission function. These effects make the measured 
spectrum at a point depend on values of the true spectrum at 
near-by points necessitating a resolution correction by means 
of the first few derivatives. The true spectrum is then 
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V(X,p) = U(X,p) + ax p du/dp + a2 P2 d2U/dp2. (3) 
(The an with n )> 2 are shown to be negligible in this experi­
ment . ) 
Next this momentum spectrum is converted to an energy 
spectrum by multiplying by dp/dE * E/p. (The energies are in 
mQc2 units, E2 = p2 + l, unless otherwise stated.) 
W(X,E) = V(X,p)E/p. (4) 
Finally this spectrum is corrected for scattering effects 
in the target to get the yield 
Y(X,E) = W(X,E) [1 + X (E)S0]-1 (5) 
where sQ is the thickness of the target and ~h (E) is a pheno-
menological constant. The quantity Y(X,E) is the number of 
positrons per dose per unit energy per unit solid angle 
created at 90° to the beam of the synchrotron operating at an 
energy X. 
This function is related to the pair production cross 
section, the bremsstrahlung spectrum and the dosemeter 
response by the integral equation 
Ps f B (X,k) (k) S(k,E) dk 
E+1 
Y(X,E) = . (6) 
O J" B (X,k) Ad(k) k R0(k) dk 
0 
(The top integral extends to E+1 rather than to zero since at 
this energy of the photon, when the positron has an energy E, 
the electron is at rest and so smaller photon energies are 
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forbidden.) 
k = the energy of the photon. 
Ps - the number of nuclei per cm in the target. 
B(X,k) = the bremsstrahlung spectrum in photons per unit 
energy per synchrotron electron. 
As(k) = the attenuation factor due to material in the beam 
between the synchrotron radiator and the target. 
S(k,E) = the cross section in cm2 per nucleus per photon 
per unit energy per unit solid angle. 
Aa(k) = the attenuation factor due to material in the beam 
between the synchrotron radiator and the dosemeter. 
RQ(k) = the dosemeter response in coulomb per photon per 
unit energy. 
Œ = a conversion constant. 
The purpose of the experiment is to gain information about the 
function S(k,E) . 
B. The Photon Source 
The source of photons for this experiment is the Iowa 
State University Synchrotron. This machine is an electron 
accelerator similar to the one described by Pollack et al. 
(29) and is designed to operate at a maximum energy of 70 Mev. 
The acceleration cycle has a duration of about 4 msec after 
which the radio frequency (RF) oscillator supplying the energy 
to the circulating electrons is turned off and the electrons 
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spiral into a smaller radius under the action of the increas­
ing magnetic guide field and hit a 5 mil tungsten foil, the 
radiator, producing the gamma-ray beam. The beam width in 
time is approximately 50 p.sec at 40 Mev. due to the slow 
peeling of the electron bunch onto the foil. This whole cycle 
is repeated approximately 57 times a second. 
The intensity distribution of the gamma-ray beam pro­
duced by the electrons losing energy in the radiator is the 
bremsstrahlung distribution and the maximum energy X of this 
spectrum equals the kinetic energy of the electrons. A pre­
selection is made of the electron energy, or more precisely, 
the magnetic rigidity by an electronic integrator designed by 
Griffin* that integrates the voltage output of a coil placed 
to intercept the magnetic guide field flux. The result of 
this integration is the voltage analog to the magnetic guide 
field. When this voltage reaches a pre-set level correspond­
ing to a certain electron momentum a pulse -is -generated which 
turns off the RF oscillator. This instrument was calibrated** 
using two known energies, the injection energy at 64 kev and 
the energy of the strong "break" at 17.2 Mev in the yield 
curve of the 0^(y,n)0^-5 reaction. 
*Griffin, J., Physics Dept., Iowa State University, Ames, 
Iowa. The synchrotron energy integrator. Private communica­
tion. 1960. 
** 
Clikeman, F. Physics Dept. Iowa State University, Ames, 
Iowa. Calibration of the integrator. Private communication. 
1960. 
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However, the energy of the electrons at RF-off time may 
not be the same as their energy when they hit the radiator 
since they lose energy by radiation and gain energy by the 
betatron action of the increasing guide field during the 
spiralling-in process. This last may be negated by the de­
creasing area of the orbit. By means of an oscilloscope dis­
play, the position of the beam monitor phototube pulse which 
denotes beam-out time is recorded and then the integrator 
pulse is made to coincide with this position. Thus the energy 
of an electron on the equilibrium orbit at beam-out time is 
measured. Then by means of the magnet profile curves (guide 
field vs. orbit radius)* the energy of an electron at the 
radiator position can be calculated. The radius of the 
equilibrium orbit is determined by the RF and the radius at 
the radiator was measured mechanically, this last measurement 
accounting for most of the error. Table 1 shows the five 
synchrotron energies used in this investigation. 
The progress of the gamma-ray beam can be followed in 
Figure 6. The beam first passes through a 1 cm diameter hole 
in a 20 cm long nickel collimator. Nickel is used instead of 
lead in order to reduce the neutron production. This collima-
tion serves to limit the beam diameter at the target to about 
3 cm thus insuring that all the beam hits the target (a 5 cm 
*Bradford, J., Physics Dept., Iowa State University, Ames, 
Iowa. Synchrotron magnet profile. Private communication. 
1960. 
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Table 1. Synchrotron electron kinetic energies 
Nominal 
energy 
in Mev 
RF-off 
energy 
Beam-out energy 
at equilibrium 
orbit 
Beam-out energy 
at radiator 
=0.51 X 
20 19.45 20.09 19.47 
25 23.99 25.06 24.13 
30 29.41 30.42 29.48 
35 34.38 35.53 34.43 
40 39.36 40.70 39.44 
square tipped at 45°) and that none hits any of the other 
apparatus. The beam next passes through a 2 cm diameter hole 
in a lead collimator 15 cm long. This collimator serves to 
attenuate the gamma-rays scattered by the first collimator but 
does not affect the beam otherwise. 
Since the theoretical considerations in the review were 
shown to work best for large photon energies, it behooves one 
to remove as many low energy photons as possible from the 
beam, as their presence unnecessarily complicates the analysis. 
The two major processes that scatter photons are the Compton 
effect and pair production. (The photoelectric effect is 
negligible for photons with energy above 1.02 Mev, the 
minimum energy needed to create a pair.) The Compton cross 
section decreases with increasing photon energy and is pro­
portional to Z whereas the pair cross section increases with 
increasing photon energy and is proportional to Z2. Therefore, 
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one places a low Z material in the beam to preferentially re­
move the low energy photons. 
Inserted snugly in the second collimator is a paraffin 
cylinder 30 cm long to serve as a beam "hardener". The effect 
of the hardener and any other material in the beam, such as 
the donut wall, is to multiply the bremsstrahlung spectrum by 
an attenuation factor 
-Si|ii (k) nj_ 
A(k) = e 
where k is the photon energy, is the absorption coeffi­
cient for element i and n^ is the number of gm/cm2 of element 
1 in the beam. The ^  are obtained from G. R. White's table 
of absorption coefficients in Appendix I of Siegbahn's book 
(30). The n^ are calculated from the density and composition 
of the ceramic donut* and from the density of the paraffin in 
the hardener, assuming a chemical composition of (CHg)^* Table 
2 lists these values. The As(k) used to modify the spectrum 
Table 2. Absorbing material in the beam 
Material Donut Hardener Aligner 
Density 
(gm/cm2) 2 .4 27.5 1. 1 
Element 0 Na A1 Si H C Cu Zn 
% by weight 50.5 3.0 14.3 32.2 14.4 85.6 66.7 33.3 
Density n^ 1.2 0.1 0.4 0.8 4.0 23.6 0.8 0.4 
*Calderwood, D., Ames, Laboratory, Ames, Iowa. Composi­
tion of the synchrotron donut. Private communication. 1960. 
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the target sees excludes the brass aligner which lies between 
the target and the dosemeter. It is, however, included in 
A#(k), the attenuation factor used for the dosemeter. (The 
function of this aligner will be explained later.) Figure 7 
shows As(k) and A#(k) as a function of k and a typical brems­
strahlung intensity spectrum before and after hardening. The 
diminution of the low energy photons is more apparent in the 
intensity spectrum than in the numbers spectrum. 
The electrons and positrons produced by the hardener are 
swept from the beam by a permanent magnet that produces a 
field of about 800 gauss over a distance of 5 cm of beam path. 
Any low energy positron that in the absence of the sweeper 
magnet could suffer a 90° elastic nuclear scattering in the 
target and be detected would have first been bent through an 
angle of the order of 45° by the sweeper magnet and so could 
not have reached the target. 
This concept was checked by inserting into the evacuated 
tube in front of the target a lucite liner and two 0.4 cm 
thick lead diaphragms with holes slightly larger than enough 
to allow the photon beam to pass unhindered. If there were a 
large density of scattered positrons in the tube, these 
inserts would have changed this population, but no such change 
was seen at the detectors. In addition, the temporary pres­
ence of a second sweeper magnet, although changing the 
spectrometer calibration slightly, (less than 10%), did not 
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change the general shape or magnitude of the positron energy 
spectrum. Hence one may conclude that the beam is free of 
electrons and positrons when it hits the target. 
The particular bremsstrahlung spectrum B(X,k) used in the 
analysis of the data of this experiment is proportional to the 
Schiff integrated-over-angles spectrum, Equation 3 in (12). 
His a (E0,k) = 32 aZ2r02 B(X,k) where X = EQ. This formula 
is the Bethe-Heitler cross section integrated over the 
direction of the final electron and photon and includes 
screening. It has been numerically tabulated in a report by 
Penfold and Leiss (31). Although one might think that elastic 
and inelastic scattering of the synchrotron electrons in the 
radiator would distort the spectrum, Lawson (32) maintains 
that inelastic scattering is negligible in radiators thinner 
than 0.1 radiation lengths. The 5 mil tungsten radiator in 
the ISU synchrotron corresponds to 0.04 radiation lengths. 
However, multiple scattering will take place and in fact be 
the major cause of the angular spread of the beam. According 
to Penfold and Leiss (31) this circumstance essentially allows 
one to use the integrated-over-angles spectrum with greater 
safety than if the scattering were negligible. This statement 
is true if the target subtends an angle of the order of 1/X 
where X is the energy of the synchrotron, a situation existing 
in the present investigation. Finally, the mathematical 
analysis is such that the results are fairly insensitive to 
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the exact shape of the spectrum. The equation to be solved is 
of the form F = J* F (x) G (x) dx *• J* G (x) dx where one measures F, 
knows G(x) and desires to find F(x). If F(x) is a slowly 
varying function of x, it is seen that F does not depend 
strongly on the form or magnitude of G(x). 
C. The Dosemeter 
The intensity of the gamma-ray beam is measured with a 
standard ionization chamber, hereafter called the dosemeter, 
which is a replica of one designed at the National Bureau of 
Standards and is described by Pruitt and Domen (33). A high 
voltage (1200 V.D.C.) is applied to one set of electrodes and 
under the action of this field, another set of electrodes 
collects the ions produced by the beam in the gas between the 
electrodes. This constant current being collected on a 
certain capacity constitutes a voltage increasing linearly 
in time. The voltage is measured with a Curtiss-Wright 
dynamic-capacitor electrometer and when it reaches full-scale, 
nominally 0.1 v, a mechanical register is actuated and the 
collecting electrode is momentarily shorted to ground return­
ing the voltage to zero. Hence a "count" in the mechanical 
register, colloquially called a "click", corresponds to a cer­
tain quantity of charge collected and thus corresponds to a 
certain quantity of radiant energy incident on the dosemeter. 
An analysis of the electrometer circuit demonstrates that 
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V(t) = K Q(t)/C where V=Q=Qatt=û 
if the time t is long compared to the internal time constant 
of the instrument which is of the order of 1 msec. Here, 
V(t) is the voltage indicated by the electrometer, Q(t) is the 
charge collected by the dosemeter, C is the capacity of the 
external circuit and K is a function of the electrometer 
parameters that is near unity. The analysis also shows that 
K can be evaluated by replacing the dosemeter with a small 
current source such as a battery and voltage divider in 
series with a high resistance R. The electrometer then 
records a voltage 
V(t) = K E[1 - exp(-t/RC) ] 
if the time constant RC is long compared to the internal time 
constant of 1 msec. For this dosemeter the time constant RC 
is 9.3 sec. Here, E is the input voltage and was measured 
with a Kay-Lab vacuum tube voltmeter calibrated against a 
standard Weston cell. The gain function K was found to be 
1.155 from averaging the results of the measurements of a 
number of different pairs of V and E. The capacity of the 
collecting circuit, including the dosemeter and its cables, 
was measured on a General Radio Impedance Bridge and is 
0.0457 y.f. Thus one "dose" * 50 clicks = 50 x 0.1 v x 1.155 
x .0457 x 10~6f - 0.264 x 10"6 coui. 
The NBS chamber is designed specifically to respond to 
the high energy photons in a well-collimated beam from an 
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accelerator. Absolute calibration was established to a few 
percent for the primary standard at NBS by a photon calor­
imeter as outlined in the descriptive report (33). Replicas 
have been tested in different experimental situations by 
Pruitt and all agree to within 1%. It is then felt that this 
calibration is valid for the ISU replica since it is identi­
cal in construction to the NBS chamber and the NBS operating 
procedures, such as the magnitude of the voltage applied to 
the voltage electrode and the size of the beam spot, are 
strictly followed. In addition, in the previous measurements 
by Golden (34) employing the ISU dosemeter a measurement of 
the integrated cross section of the C12 (y,n) C1^" reaction, are 
in good agreement with other absolute work. 
One difference in operation, causing a 5% correction, is 
that the dosemeter is operated under a continual flow of 99.9% 
pure nitrogen at atmospheric pressure rather than under a 
static filling of dry air as was done by the NBS group. This 
difference is necessary because even though the air must pass 
through a desiccant-filled container, it is found that the 
humidity has an adverse effect on the operation, the effect 
being a leakage of charge. This difficulty is circumvented by 
maintaining a slight positive pressure of dry nitrogen. Con­
sequently a calibration correction must be made for the dif­
ference in density and specific ionization of air and nitro­
gen. The dose is proportional to the collected charge and so 
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is proportional to the number of ion pairs created per cm. 
This last equals the energy lost per cm divided by the energy 
to make one ion pair. The photons lose energy primarily by 
Compton scattering and pair production in the 9 cm thick 
aluminum converter attached to the front of the chamber and 
it is the electrons produced and entering the chamber that 
are the ionizers of the gas. If one ignores the log term 
in the Bethe-Bloch energy loss expression for electrons on 
p. 9 of Siegbahn (30), one obtains the dependence of the 
energy loss/cm as p z/A where p is the density of the gas, 
Z is the atomic number and A is the atomic weight. Since the 
energy e to make an ion pair is largely independent of the 
energy of the ionizing particle, the values in Jesse and 
Sadauskis (35) can be used. Since Z/A = 1/2 for both N2 and 
°2> 
Nitrogen Dose (n) = Pn{en . 0.967/34.7 = Q g46 
Air Dose (a) pa/ea 1.000/33.9 ,y ° 
This factor converts an air flushed dosemeter to a nitrogen 
flushed dosemeter. The efficacy of this method of correction 
was checked by comparing the dose using nitrogen and using 
oxygen. The experimental ratio of 0.81 compares with the 
theoretical ratio of 0.78, the difference probably being due 
to impurities in the gases. 
Another difference in the ISU operation from the NBS 
operation lies in the fact that the hardened bremsstrahlung 
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spectrum used in this experiment has fewer low energy photons 
and so carries more energy per photon for a given synchrotron 
energy X than does the spectrum used by the NBS group. They 
use a spectrum hardened by 3.0 gm/cm2 of aluminum which is 
\ 
equivalent only to their donut wall plus a thin transmission 
chamber. Hence their dosemeter response function 
rx 
F1 (X) = / B(X,k)Ad'(k) k R0(k) dk 
0 
is different from the one used in this experiment since the 
attenuation factor A^'(k) is different. Here, B(X,k) is the 
bremsstrahlung spectrum in photons per unit energy per 
synchrotron electron and RQ(k) is the dosemeter response to 
monochromatic photons in units of coulombs per photon. 
Actually Pruitt and Domen in reference (33) tabulate the 
function 
J B(X,k)Ad' (k) k R0(k) dk 
R' (X) = 1 
r x  J B(X,k)Ad' (k) k dk 
0 
which is a measure of the dose in coulombs per unit energy 
produced by the beam. The denominator is just the total 
energy delivered to the dosemeter by the beam. 
Since Rl(X), B(X,k) and A^'(k) are known, one can extract 
R0(k) from the above integral equation by the inverse matrix 
technique of Penfold and Leiss (31). This was done by Golden 
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(34). It turns out that R'(X) is independent of X for.15 Mev 
<^X<y30 Mev and only increases by 10% at X = 100 Mev. This is 
because RQ(k) is independent of k except for small k and there 
the value of k B(X,k) A^1(k) is small. The constancy of RQ(k) 
is due to the 9 cm of aluminum on the front of the chamber. 
In this slab the photons undergo Compton scattering and pair 
production and the charged particles further undergo brems­
strahlung and inelastic scattering until the emergent photon 
and electron flux has an energy spectrum independent of the 
incident spectrum. However, the emergent energy is propor­
tional to the incident energy. Hence the response per unit 
energy is constant. 
The dosemeter response function for the present arrange­
ment is then 
PX 
F(X) = / B(X,k) Ad(k) k R0(k) dk 
0 
where the Ad(k) was displayed in the previous sub-section. 
This function appears in the denominator of Equation 6 in the 
experimental introduction. For purposes of comparison the 
function R(X), which is similar to the R1 (X) above except that 
A^(k) replaces Ad'(k), has also been calculated. Table 3 
shows the pertinent data. The factor ^  includes the conver­
sion from coulombs to dose and the conversion from air to 
nitrogen. Thus Q » 0.946 x dose/0.264 x 10~6 coulombs. 
A precaution to be heeded in using ionization chambers is 
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Table 3. Response function of the dosemeter 
Nominal 
energy 
in Mev 
R'(X) in 10-19 
coul/mQc2 from 
Ref. (33) 
R0(k) from 
Ref. (34) 
R(X) fi F(X) in 10"I2 
dose per 
synchrotron 
electron 
20 1.98 1.98 2.05 4.38 
25 1.98 1.98 2.04 5.93 
30 1.99 1.98 2.02 7.79 
35 2.00 1.98 2.01 9.56 
40 2.02 1.98 2.01 11.38 
to make certain that the response is linear, that is, that 
they do not saturate at high beam intensities. This point was 
checked by comparing the dosemeter response at different beam 
intensity levels with the activity induced in copper disks 
placed in the beam. The 10 minute positrons from the Cu^2 
produced in the Cu^(y,n)Ou**2 reaction were counted with a 
standard end-window Geiger-Muller detection arrangement. The 
counts were corrected for the G-M detector dead time and 
normalized to constant disk weight, the latter being propor­
tional to the thickness and thus to the number of atoms/per 
cm2. Linearity of the dosemeter is established to within 
0.3% over an operating range of 50 min per dose to 1 min per 
dose whereas the normal operating intensity is 5 - 10 min per 
dose. The error in the detector dead time is the limiting 
factor in this determination. 
Other checks were made, such as varying the high voltage 
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on the dosemeter and varying the pressure of the nitrogen 
flowing through the chamber, with no resultant variation in 
the response. Also a one hour flush at elevated pressures 
precedes each run to insure removal of any moisture. The 
attainment of dryness is noted when the chamber would hold a 
charge with no noticeable (less than 10"^ dose per min) leak­
age. 
Finally during each run, the atmospheric pressure and 
the temperature of the dosemeter are recorded. The NBS 
calibration is valid for STP conditions of 760 mm of Hg and 
22° C. Since the response of the dosemeter depends upon the 
number of gas molecules per cm^ in the chamber, a correction 
is necessary. Domen* maintains that this correction can be 
made with sufficient accuracy via the ideal gas laws if the 
operating conditions are not far from STP conditions, as was 
the situation. Thus the counting rate is multiplied by a 
factor 
=( Pressure/760 mm Hg) x( 295°K/Temperature) 
Initially, a procedure was instituted with the intention 
to normalize the dosemeter during each run to allow for 
variations in the temperature and pressure in the chamber, 
and especially to compensate for drift in the calibration 
of the electrometer measuring the accumulated charge. 
*Domen, S., National Bureau of Standards, Washington, 
D. C. Dosemeter corrections. Private communication, 1961. 
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Unfortunately, this method proved to be of little value due 
to statistical inaccuracies that were not apparent until the 
data were analyzed. These statistical fluctuations are of 
the order of 10% when in fact subsequent stability checks on 
the dosemeter with a 10 millicurie Sr^® source of electrons 
placed in a hole in the top of the chamber showed a constancy 
of response of better than 1% over a period of weeks. During 
this period the dosemeter was moved about, the connecting 
cables switched and it was generally subjected to much more 
abuse than normal. It is therefore assumed without further 
qualification that the dosemeter response is constant except 
for temperature and pressure fluctuations. It certainly 
would be expected that the response is accurate to within 5% 
and this limit will be placed upon it. 
D. The Target 
The targets in which the photons create pairs are thin 
foils 5 cm square mounted on a 30 mil nickel wire frame with 
5 mil aluminum clips for easy dissassembly. The background 
runs were made with the frame in place in the beam without any 
foils and a slight counting rate was noted from the fringes of 
the beam hitting the aluminum clips. 
The target materials are tin and gold, determined spec-
troscopically* to be 99% pure, one would like to have used 
*DeKalb, E., Ames Laboratory, Ames, Iowa. Spectroscopic 
determination of impurities in tin and gold. Private communi­
cation. 1960. 
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more than two elements to confirm the Z dependence of the 
cross section but lower Z elements give too few counts and 
the gap between z = 50 and z = 79 is spanned by the rare 
earths, which are unavailable in fractional mil foils. 
The surface density s0 of the target in gm/cm2 was 
determined by weighing an accurately measured rectangle. The 
number of nuclei/cm2 Ps = SQN/A cos f where N is Avogadro's 
number » 6.025 x 102^, A is the atomic weight and y is the 
angle between the beam direction and the normal to the foil. 
The angle f was measured to be 43*52' so cos f - 0.721. 
Table 4 lists the pertinent target parameters. 
Table 4. Target specifications 
Element Z A Nominal 
thickness 
in mils 
Density sQ 
in2 
mg/cm 
Ps in 1020 
nuclei/cm2 
Tin 50 118.7 1.2 21.86 1.539 
Gold 79 197.2 0.4 20.14 0.853 
The targets are tipped at a 45° angle to the beam direc­
tion around a vertical axis so the spectrometer "sees" as 
large an area as does the beam. This tipping also allows one 
to reduce scattering by placing the long axis of the target at 
a large angle to the beam. In Figure 8 is shown two alterna­
tive arrangements. Only those positrons leaving the target 
at 90° to the beam enter the spectrometer. It is seen that 
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with the "bad" orientation, an acute angle creation followed 
by an acute angle nuclear scattering produces an acceptable 
positron. However, with the "good" orientation, the long 
dimension of the foil can only be utilized by a large angle 
creation or a large angle scattering, either of which is much 
more improbable than the small angle process. 
Even so, elastic and inelastic scattering are important 
for positrons with kinetic energies less than 1 Mev. The 
finite thickness of the target causes a distortion of the 
energy spectrum measured by the spectrometer. However, it can 
be shown that the probability for multiple events has a 
different dependence upon target thickness than does the 
probability for single events, whose dependence on target 
thickness is linear. Physically, this dependence is shown in 
Figure 8. With a certain thickness A one sees a direct posi­
tron a_and the result of a single scattering b. The addition 
of another thickness B produces another direct positron c_ 
and another scattered one d^ but also a third positron from 
a scattering e^ is now possible. Thus while the number of 
directly produced positrons should vary linearly with target 
thickness, the multiple processes should have a parabolic or 
higher dependence upon the thickness of the target. 
More exactly, the spectrum of positrons J(s,w,E) emitted 
from the target is a function of the thickness s, the solid 
angle w and the energy E. (It is understood that these spectra 
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are also functions of the synchrotron operating energy X.) 
A plot of J vs. w and E would be a family of surfaces with the 
parameter s. If the scattering were turned off, J(s,w,E) * 
H(s,w,E) - sh(w,E) and should be linear is s. The effect of 
inelastic scattering is to obscure the energy dependence and 
the effect of elastic scattering is to obscure the angle 
dependence of H. The net result of increasing s is to smooth 
the peaks into the valleys. Thus, if one is not on a peak, 
one obtains a net gain by increasing s. 
Mathematically, one has the equation 
These terms represent the direct process, inelastic 
scattering of higher energy positrons to energy E, inelastic 
scattering of energy E positrons to lower energies, elastic 
scattering into solid angle w and elastic scattering out of 
solid angle w, respectively. Since all of these functions J, 
H, cr^n and crel are products of a cross section and a number of 
nuclei per cm2, they are each proportional to the target 
thickness s. Hence 
nX-1 
J(S,W,E) = H (s,W,E) + J H (s,w,E1 ) ain(E',E) dE 
E 
H(s,w,E) (?el(w,w*)dw' + higher order terms. 
4t 
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j(s,w,E) = H(s,W,E)[1 + XQ(w,E)S + 0(s2) + •••] 
= sh (w,E) [1 + XQ (w,E) s + 0 (s2) + • • • ] 
where XQ(w,E) is positive if H is far from a maximum in w or 
E. 
In the present experiment, the solid angle dependence has 
been averaged out over a small aperture and so to first order 
in s0 
W(s,E) = Y(S,E) [1 + À(E)s] = sY(E) [1 + ME)s] • 
Thus, the number Y(E) of positrons of energy E created in a 
target of thickness sD is related to the number W(E) of posi­
trons of energy E leaving the target by the equation 
Y(s0,E) = W(s0,E) [1 + ME) So]""1. 
This is Equation 5 in the experimental introduction. In that 
section, the dependence upon the target thickness sQ is im­
plicit in the expressions N, M, U, V, W and Y. 
To test this scattering correction hypothesis and to 
evaluate the constant X(E) a series of measurements of W were 
made with targets of different thicknesses s. A plot of W/s 
vs. s was a straight line and X(E) was obtained by a weighted 
least squares analysis of the parabola W = Y s + Y X s2. The 
main study employed gold targets of thicknesses 0.1, 0.2, 0.4 
and 0.6 mils. The constant X(E) was determined for various 
positron energies E and interpolation was used to get X(E) at 
intermediate values of E. To evaluate the constant for the 
case of tin, three thicknesses were used. All these measure­
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ments were performed at a synchrotron energy 0.51 X = 40 Mev. 
Figure 9 shows a few representative plots of W/s vs. s to show 
the linearity of the dependence. Table 5 lists the values of 
[1 + X(E)s0]-1 and the error 
A(1 + ME) s0) (1 + À (E) sQ) -1 = AX (E) sQ(l + X (E) sQ) _1 
Table 5. Thickness correction constant 
Nominal 
energy 
in Mev 
[1 + X(E) SQ]-1 
for gold 
Error [1 + X(E)Sq]"1 
for tin 
Error 
0.1 0.533 143 % 
CM O
 0.691 18.1% 
0.3 0.798 14.7% 
0.4 0.632 10.0% 0.852 13.7% 
0.7 0.463 14.7% 0.717 23.9% 
H
 
O
 
0.580 16.5% 
1.4 0.564 23.9% 
The large error in the 0.1 Mev measurement for gold is 
due to the fact that counting rates are quite small at this 
energy and so the statistical errors are large. The correc­
tion for scattering at all energies is seen to be considerable 
and this propagates a large error in the counting rate. These 
corrections are probably the largest source of inaccuracy in 
this experiment. 
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Figure 9. Extrapolation to zero thickness 
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E. The Spectrometer 
1. The vacuum system 
In order that the positrons created in the target might 
pass through the spectrometer and reach the detectors, the 
target is placed in an evacuated chamber that extends between 
the pole-pieces of the analyzing magnet to the detectors as 
shown in Figure 6. The chamber is made of hard-soldered brass 
with O-ringed access ports for the detectors and the target 
holder. The gamma-ray beam enters and leaves the chamber 
through 5 mil aluminum windows. The part of the chamber that 
lies in the analyzer is lined with 1 cm lucite to reduce 
scattering of the positrons and creation of positrons by 
scattered gamma-rays. Midway along the positron's path be­
tween the target and the detectors is a baffle with an aper­
ture that defines the half-angles A © » 2*21' and A 0 « 6°49'. 
This baffle serves to further reduce the background from 
scattered radiation. 
The vacuum is maintained by a Welch mechanical forepump 
and is measured by a standard thermocouple gauge. After a 
long period of pumping, an ultimate vacuum of 20 |x of Hg could 
be reached, but with the frequent opening of the chamber to 
change targets, a vacuum of 50 jx of Hg, reached after 15 
minutes of pumping, is considered adequate. A check of the 
counting rate of 100 kev electrons as a function of pressure 
showed that although few electrons got through at atmospheric 
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pressure, the counting rate reached a maximum as soon as the 
pump "caught hold", at a pressure of about 1000 p,. 
2. The magnet 
The energy analyzer is a double focussing magnetic 
spectrometer with a nominal 10 cm radius. The pole-pieces are 
shaped to give the magnetic field on the median plane a radial 
dependence of 1/Shull and Dennison (36) describe the 
particle trajectories in such a field and show that for this 
radial dependence the vertical and radial betatron oscilla­
tions have the same frequency. This means that monoenergetic 
particles diverging in a small cone from a point on the 
circular equilibrium orbit will be focused to another point 
on the orbit in both the vertical and radial directions after 
traversing an azimuthal angle t »f2 - 254.5°. Since the 
detectors have a large area, this angle is not critical, and 
in the present investigation it is about 210°. 
Power for the magnet is supplied to two coils on the 
magnet legs via the circuit shown in Figure 10. Each coil is 
wound with approximately 1500 turns of 0.05 cm diameter copper 
wire giving a resistance of 133 ohms. They are operated in 
series and when dissipating 266 watts under full load require 
no additional cooling other than air convection. An available 
power supply was modified to allow continuous current adjust­
ment from zero to 1.0 amp. This requirement necessitated re­
moving the electronic regulation leaving only a ir filtered 
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MAGNET POWER SUPPLY CIRCUIT 
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o 
c 
4 
o 
o 
a 
o 
© 
o 
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c
-l266 û 
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REVERSING 
SWITCH 
1000 V 
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1000 V 
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MAGNETIZATION CURVE 
UJ 
COIL CURRENT I IN AMPERES 
Figure 10. Magnet specifications 
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bridge rectifier. The filtering is sufficient to reduce the 
ripple to 0.3% at half load and to 0.6% at full load when 
the load is a large inductance such as the magnet. However, 
this lack of regulation allows the current to drift slightly 
as the magnet warms up, due to the changing resistance of the 
coils. This drift is slow enough so that compensation can 
be made manually by means of the fine control. The gross — 
current variation is effected by the coarse control which is 
a Variac on the A. C. input. The magnet current is measured 
with a Weston ammeter with a precision of less than 1%. 
The reversing switch shown in Figure 10 is necessary not 
only to allow detection of both positrons and electrons but 
also to zero the magnet. There is about a 10% remanent field 
so all runs are taken in steps of increasing current. The 
magnet is then zeroed by describing progressively smaller 
hysteresis loops with the reversing switch and the Variac. 
The success of this method was demonstrated during the cali­
bration, when no shift occurred that could be attributed to 
faulty zeroing. 
The magnetic field was measured with a Rawson rotating 
coil gaussmeter with a precision of less than 1%. The in­
strument was calibrated in a nuclear magnetic resonance 
apparatus and found to be linear to 0.1%.* Figure 10 shows 
-
Hultsch, R., Physics Dept., Iowa State University, Ames, 
Iowa. Calibration of the Rawson gaussmeter. Private communi­
cation. 1960. 
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a graph of the measurements of the magnetic field BQ vs. the 
current I. The curve is an average of four runs, two for 
positrons and two for electrons. The difference between the 
measurements for positrons and electrons is negligible. It 
is seen from the figure that the magnet is beginning to satu­
rate for currents of 1 ampere. An attempt was made to extend 
the range of the spectrometer with an extra coil but the 
saturation became too pronounced. This places a limit of 1.5 
Mev on the maximum kinetic energy of an electron that can be 
measured. 
The fact that the 1 cm diameter gaussmeter probe was not 
precisely on the equilibrium orbit is not important since it 
is not necessary to know the absolute value of the field at 
any particular point in the spectrometer. All that is re­
quired is to know that a functional relation between the 
momentum p of the detected electron and the reading I of the 
ammeter exists which is of the form p = Ber where B » 
B0(I) f(r,z). The quantity BQ(I) is the field measured by 
the gaussmeter and B is the field that bends the electron 
along its trajectory. Thus p = B0er' where r1 = r f(r,z) is 
a geometric constant of the spectrometer and is independent 
of I provided that the magnet saturates uniformly. 
The value of the effective radius r1 is established by 
noting the current setting I needed to focus a monoenergetic 
source of electrons such as a nuclear internal conversion 
level. The 662 kev transition in Cs^-37 _ ga137 iS about 10% 
converted and is suitable for this purpose. To obtain the 
kinetic energy of the emitted electrons, one must subtract the 
binding energy of the K-shell electron in barium from the 
energy available for the transition. However, 20% of the 
conversions go by the way of L-shell or higher electrons whose 
binding energies are much less than the K-shell. Since the 
spectrometer cannot resolve the K and L lines, the energy of 
the electrons is taken as the gamma-ray energy minus the 
average binding energy weighted according to the K/L and K/MN 
ratios given by Yoshizawa (37). The result is an energy of 
137 630 kev. Accordingly, a thin source of Cs , the construc­
tion of which will be described later, was placed at the tar­
get position and its spectrum was measured. The centroid of 
the numbers peak determined the current and hence the field 
corresponding to 630 kev. This method gave a value of r1 = 
11.18 cm and six months later a value of r1 =11.13 cm. 
Although the Bc vs. I curve is certainly not linear, if 
all parts of the magnet follow the same magnetization curve, 
that is, no portion of the magnet saturates before another, 
the formula p = B0er' will hold for all p and B0. Then r' 
should be a geometrical constant of the spectrometer the 
numerical value of which depends on the position of the probe 
used to measure B0. To verify the constancy of p/B0 the 148 
kev conversion line in Th(B + C + C") and the 991 kev line 
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in Bi207 - Pb2®7 were investigated. Thorium B is a calibra­
tion source frequently used by beta-ray spectroscopists and 
has many well-known lines, the strongest being at 148 kev. 
The 10 hour source is made by electrostatically collecting on 
the end of an aluminum pin the radon gas given off by decaying 
Th . The decay products The and ThC" are in equilibrium 
with 10 hour ThB. It is difficult to clearly distinguish 148 
kev electrons with the spectrometer due to an instrumental 
cut-off occurring in this energy region, which will be dis­
cussed later. However a peak was discerned and a value of 
r* = 11.2 cm obtained. 
The 1024 kev transition in Pb2°7 is 10% converted and a 
value of 991 kev is obtained for the electron kinetic energy 
by the averaging method used for Cs^7. This source had been 
prepared by vacuum-evaporating Bi2®7 onto a thin copper back­
ing.* The value obtained from this source was r' = 11.05 cm. 
Thus it is felt that the spectrometer is linear and that the 
energy of the particles is known with 2-3% accuracy. 
3. The transmission and resolution 
Now the question arises, how is the number of positrons 
that are detected when the magnet is set to accept momentum p 
positrons related to the number of momentum p positrons leav­
ing the target? Two facts are important. The number that is 
- = 
McAdams, R. and G. Schupp, Physics Dept., Iowa State 
University, Ames, Iowa. The BiZ07 source. Private communica­
tion. 1960. 
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detected depends on the solid angle of the spectrometer and 
the efficiency of the detectors. This number also depends 
upon the number of positrons with slightly different momenta 
that are still accepted because of the finite window width 
or resolution of the spectrometer and the finite extent of 
the source due to the beam spot, in general, the number of 
counts N(p) recorded at a momentum setting p is related to 
the number of counts V(pG) per unit momentum interval of 
momentum pQ that leave the target by the integral 
p CD 
N(P) = / MPQ/P) T(PQ) V(PQ) dp0 
V 
o 
where the transmission T(pQ) is a function which depends upon 
the characteristics of the detectors alone and which repre­
sents their efficiency for measuring momentum pQ positrons. 
The resolution b(pQ/p) is the probability that a momentum 
p0 positron will arrive at the detectors when the magnet 
setting is for momentum p positrons. It is a function of 
the magnet geometry alone. Its dependence upon pQ and p 
through the ratio p@/p is a consequence of the description 
of the orbits by the equation p = B0er'. Upon doubling B0, 
a positron with a momentum 2p travels in an orbit of the same 
radius r* as did a momentum p positron in a field BQ. The 
probability is the same for a positron with momentum 2p0 to 
be detected at a setting 2B0 as the probability for a 
momentum pQ positron to be detected at a setting B0. 
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The quantity T(pQ) is constant down to a certain value of 
pQ where it falls smoothly to zero because of the cut-off in 
the detectors and V(p0) is a slowly varying function of pQ. 
Since the spectrometer will not accept positrons with momentum 
p0 much different from p, the function b(p^/p) is sharply 
peaked about pc/p =1. In this case, very little error is 
made by taking T(p0) » T(p) so it can be removed from the 
integral. Thus 
p oo 
N(p) = T(p) / b (p0/p) V(p0) dpQ. 
o 
Expanding V(pQ) in a Taylor's series about p one gets 
N(p) = pT(p) 2 b pn v^n) (p) (7) 
n=l 
where 
1 r> °o 
bn = HT" / f(Po/P)-l]n b(pQ/p) dpQ/p 
Jo 
and the superscript (n) means the n^ derivative with respect 
to p. If power series expansions of N(p) and V(p) are assumed 
to exist, it can be shown that Equation 7 can be solved for 
V(p) giving 
°o # x 
V(p) =2 an pn [N(p)/pT(p) ] (8). 
n=l 
This equation combines Equations 2 and 3 in the experimental 
introduction. The an are functions of the bn only. The first 
three are 
ao = V^o» al = -bi/bo (b0 + bl) and 
a2 - ("^>0^2 + bl%>2 + b^2)/b0(b0 + bj_) (bQ + 2b^ + 2b^) . 
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Thus to extract the true input spectrum V(p) from the measured 
response N(p) a knowledge of the resolution function b(pD/p) 
and of the transmission function T(p) is needed. 
137 The data taken on the Cs conversion line can be used 
to determine b. In this case, the input spectrum V(pQ) is a 
delta function 5(p0-p') where p' is the momentum corresponding 
to 630 kev. One therefore measures 
p GO 
N (p) = T (p) / b (pD/p) 5 (pQ-p ' ) dpQ = T(p)b(p'/p) . 
^o 
If p' is in the region where the function T(p) is constant, 
then N(p) oc b(p'/p). This gives the functional dependence of 
b on p. However what is desired is the dependence of b on p' 
since p* is the variable of integration for bn, (p1 corres­
ponds to p0). This is obtained simply by plotting b(p'/p) 
vs. p'/P instead of vs. p/p'. The results of the integration, 
after normalizing the zeroth moment bQ to unity, are 
bQ = 1.000, bx = 0.00743, b2 = 0.00108 and b3 ~ 0.000001. 
One might expect the odd moments to be zero since the 
momentum scale was established in the preceding sub-section 
by taking the centroid of the delta function response. How­
ever, the centroid of the numbers spectrum N(p)/p oc b(p'/p)/p 
vs. p/p', which is forced to be at p/p' = 1 by the choice of 
the scale of p, is not the same as the centroid of the curve 
b(P'/P) vs. p'/p even if the spectrum were symmetric about 
p=p'. In fact, the spectrum is quite unsymmetric but this 
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is to be expected in view of the discussion of spectrometer 
line profiles on p. 60 of Siegbahn (30). 
The function T(p) can be determined by measuring the 
response of the spectrometer to a source of electrons whose 
spectrum is already known. Solving Equation 7 for T(p) one 
has that 
oo 
T(P) = N(p) [p 2 bn pn Vln) (p) J"1. (9) 
n=l 
Initially an attempt was made to evaluate the products 
T(p)bn directly to include any dependence of the bn upon p. 
The method employed measurements of N(p) for n different 
sources V(p0), taking n derivatives and solving the n 
simultaneous equations for T(p)bn. However, the fluctuations 
introduced by the numerical calculation of the higher 
derivatives from the data rendered this method useless. The 
rapidly decreasing size of the bn as n increases indicates 
that an accurate determination of the bn is not necessary, 
in fact, an error of only 1% is incurred by setting all bn = 0 
other than bG. 
Because of this attempt, an over-supply of sources V(pQ) 
was available for the determination of T(p). They all gave 
the same value of T(p) within the limits of error and so an 
average was used. For a source of electrons of continuous 
energy, one naturally has to choose beta emitters. The 
sources have to be long-lived enough so that they would last 
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for a few weeks and energetic enough to span the range of the 
spectrometer, 0-1.5 Mev. Also for other reasons to be 
mentioned, beta groups with energies below 50 kev must be ex­
cluded. The characteristics of the four sources chosen are 
listed in Table 6. 
Table 6. Beta sources for calibration 
Isotope Half-life 
in days 
Reference End-point energies in 
Mev from Ref. (42) 
p32 14.22 (38) 1.71 
Rb86 18.66 (39) 0.71(15%), 1.78(85%) 
Sr89 50.5 (40) 1.46 
in114 50.0 (41) 1.98 
The backing for the beta sources and also the Cs^7 
calibration source is 1/4 mil Mylar foil glued with Duco 
cement to 2.5 cm diameter aluminum rings 0.2 cm in cross 
section. The thinness and low atomic number of Mylar mini­
mizes absorption and backscattering of the beta-rays and yet 
it is strong enough to withstand repeated pump-downs. In 
order to provide a conducting path so the sources will not 
charge up as they emit electrons, a thin layer of gold was 
vacuum-evaporated onto the Mylar prior to deposition of the 
source material. The radioactive isotopes were obtained from 
Oak Ridge National Laboratories in the form of an aqueous 
solution of the appropriate salt. A small drop was then 
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pipetted onto the backing and vacuum-dried. A few shots of 
Krylon spray over the source insured stability against 
deliquescence and flaking-off. The thickness of this layer 
of Krylon was measured in a alpha-particle thickness gauge 
built by Nichols* and is similar to one described by Barber 
(43). A ZnS coated phototube is an adjustable distance from 
a collimated Po2^ alpha-source. Since monoenergetic alphas 
have a definite range in air, the response of the detector 
shows a definite threshold as the distance to the source is 
decreased. The interposition of a thin foil reduced the 
distance needed to reach the threshold and thus the air 
equivalent stopping power of the foil is obtained. In this 
manner, the Krylon was found to be equivalent to 5 y,gm/cm2 of 
Mylar. This will only stop electrons of energy less than 2 
kev according to the range-energy relation of Flairanerfeld on 
p. 22 of Siegbahn (30) and so can be neglected. It should be 
remembered throughout this discussion that any distortion of 
the beta spectrum due to back scattering or the presence of 
other isotopes is not important since all that is desired is 
a spectrum of known shape and this will be measured in a beta-
ray spectrometer. 
It is important, however, to know the total number of 
beta-rays of all energies emitted by the source. In order to 
* ] 
Nichols, R. T., Physics Dept., Iowa State University, 
Ames, Iowa. An alpha-particle thickness gauge. Private 
communication. 1960. 
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obtain an absolute cross section, the absolute transmission of 
the spectrometer must be determined. This implies that the 
absolute strength of the calibration sources be known, that is, 
the total activity in counts per minute. This measurement was 
performed with a Tracerlab, model CE-10, proportional counter 
with a 4ir counting geometry. The counter is in the form of 
two hemispheres of 8 cm radius at ground potential. Project­
ing into each chamber is a 1 cm diameter loop of stainless 
steel wire that is maintained at a positive potential of a 
few thousand volts. The radioactive source is introduced on 
a thin aluminum diaphragm so as to be at the center of the 
sphere formed when the two halves are brought together. Pure 
methane gas is flowed through the counter at atmospheric 
pressure and all the particles that escape from the source are 
detected in either one half or the other or in both. The 
output pulses can be counted from each chamber separately or 
paralleled. This feature allows one to determine the counting 
losses due to absorption in the source backing. The negative 
output goes to a cathode follower, an inverter, and then to 
a combination amplifier, discriminator and scaler, model 
SC-750, built by Eldorado Electronics. 
Preliminary tests included the determination of the 
operating voltage and discriminator setting to be used. Upon 
varying the high voltage to the anode, a threshold for the 
counting rate was reached at about 3500 v followed by a plateau 
65 
from 4200 to 5000 v which had a slope of less than 1% per 100 
v. The operating voltage was then set at 4600 v. These 
values were dependent to some extent upon the discriminator 
setting which had been adjusted to give as long a plateau as 
possible. Too high a setting resulted in the threshold volt­
age being so high that the plateau was terminated by the 
5000 v limit of the power supply. Too low a setting led to 
an increased slope in the plateau as the noise level was 
reached. At 4600 v, the counting rate was insensitive to 
the discriminator setting. 
Even though the presence of a discriminator plateau 
suggests that all the particles are being counted, a calcula­
tion of the efficiency of such a device for counting beta-
rays is edifying. It was observed by means of an oscilloscope 
that a minimum pulse of 0.05 v was necessary to trigger the 
amplifier-sealer. If the discriminator is set to accept 
smaller pulses, the noise background becomes too large. The 
inverter stage has a gain of 15 and the cathode follower a 
gain of unity so the chamber must produce at least a 3.3 mv 
pulse. Taking the capacity of the anode to ground to be of 
the order of 10 wif, the charge collected is 3.3 x 10 
coulombs = 2 x 10^ electrons arriving at the anode to form a 
detectable pulse. 
When an ionization chamber operates in the proportional 
region, the electrons resulting from the formation of ion 
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pairs in the initial ionizing event may themselves form sub­
sequent ion pairs if the anode potential is high enough to 
give them enough energy in one mean free path to do so. Thus 
each primary electron gives rise to many secondaries which in 
turn produce more tertiaries, etc. This cascade is the 
Townsend avalanche and the number of ion pairs arriving at 
the anode for each primary ion pair is the gas multiplication. 
This factor depends exponentia1ly upon the counter geometry as 
well as upon the counting gas and the operating voltage and is 
difficult to compute for complicated anode geometries. A 
reasonable estimate of the gas multiplication is 10^. This is 
the value used by Seliger and Cavallo (44) for their 4ir 
counter. Although their geometry is that of a pill-box, the 
dimensions, gas and operating voltages are similar to the 
Tracerlab counter. Using this figure, the initial ionizing 
event must make about 20 ion pairs to produce a detectable 
pulse. In methane, the energy to make an ion pair is 30 ev 
and so 0.6 kev must be expended by the incident particle for 
it to be detected. The number of beta-rays with energies less 
than this is negligible if the end-point energy of the beta 
spectrum is greater than 50 kev. 
At the other extreme, although a 1.5 Mev electron is 
minimum ionizing, it will still lose about 2 kev per cm in one 
atmosphere of methane and so will certainly be counted after 
traversing 8 cm. Thus the counter is considered to be 100% 
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efficient in its detection of those electrons that enter the 
gas. 
The counter was checked from time to time with a standard 
uranium foil source and was warmed up and flushed clean with 
methane before each run after the sources or background blank 
had been placed inside. Stability and correct operation is 
also checked by noting the constancy of the background from 
day to day. When an increase was noted, it was necessary to 
clean the inside of the chambers and the high voltage 
connections to abolish the leakage paths. Enough data were 
taken on each source to obtain 0.1% counting statistics. 
The main counting losses stem from absorption in the 
backing and the dead time of the system. Corrections for 
these effects are made by a method similar to one developed 
by Seliger and Cavallo (44) and improved by Mann and Seliger 
(45). This method compares the counting rate obtained with 
both chambers tied together electrically to the counting 
rates in each one individually. When in addition two dif­
ferent strength sources of the same radioisotope are used, the 
dead time can also be determined since it causes an in­
equality between the ratio of the counting rates and the ratio 
of the source strengths. This method is explained in detail 
in Appendix A. Table 7 gives the results of the 4ir counter 
measurements. The counting rates are referred to an 
arbitrary zero time via the half-lives given in Table 6. The 
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Table 7. 4tt counter measurements 
Isotope Counting 
rate in 
counts/sec 
Error in 
counting 
rate 
Dead 
time 
in 
usee 
Fraction 
absorbed 
in backing 
Fraction 
scattered 
from walls 
p32 3027 2.6% 5.4 0.054 0.012 
6064 3.0% 4.2 0.062 0.014 
SrS* 4040 3.2% 5.0 0.067 0.012 
In114 3745 4.9% 10.3 0.103 0.033 
entries are explained further in Appendix A. A correction 
must be made in the case of In^4 because there exists a 
strongly converted gamma transition at 192 kev that de-excites 
the 50 day isomer whereas it is the 72 second ground state 
that gives rise to the beta transition. The counts due to 
this conversion line are subtracted out since they will 
cause difficulty further on. Hoffmann (46) gives the ratio of 
conversion electrons to gamma-rays as 5.3 and Grodzins and 
Motz (47) give the ground state branching ratio as 98% |3_ 
and 2% £+ and electron capture. Thus for 100 In114in nuclei, 
initially 100 x 4.3/4.3 + 1 = 81 conversion electrons are 
formed in decaying to the ground state, of the 100 In^-14 
nuclei thus formed, 98 f3_ particles are emitted. Thus 81 + 
98 = 179 electrons are detected by the 4t counter of which 98 
are useable. Consequently the observed counting rate was re­
duced by a factor of 98/179 = 55% to get the figure in the 
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table. These extraneous electrons may account for the dis­
parity between the In-1-14 parameters and those of the other 
isotopes. The 4.9% error in the counting rate is large 
enough to allow for this, however. 
The low counting rates were necessary to keep the dead 
time correction small, but in order to get an appreciable 
counting rate in the double-focussing spectrometer used in 
this experiment, sources a thousand times as intense are 
needed. Two more sources were made from each isotope, one 
approximately thirty times stronger and one a thousand times 
stronger. The ratios were then measured with a scintillation 
detector. A 3 cm by 3 cm diameter anthracene crystal was 
mounted on the face of an RCA 6655 photomultiplier tube with 
Dow-Corning stop-cock grease. The tube was inside an easily-
opened light-tight box with a suitable arrangement for 
holding the sources. The negative output pulses were in­
verted and fed to an Eldorado Electronics scaler, model 
SC-750. The high voltage and discriminator were set so the 
counting rate would be the least sensitive to their positions. 
Since the results of the 4ir counting are the absolute 
strengths of two sources of each isotope, one having approxi­
mately twice the activity of the other, (the stronger is the 
one tabulated in Table 7), one was able to determine the dead 
time of the phototube arrangement. A dead time of 6 jisec 
was measured which could be explained by the time constants of 
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the inverter. 
For each isotope, two pairs of sources were counted, the 
weak-medium and the medium-strong. For each pair the distance 
to the phototube was adjusted so the dead time correction to 
the stronger source would not exceed 1%. Table 8 gives a 
resume of the results of this operation. The final counting 
Table 8. Strengths of the beta sources 
Isotope Ratio of 
strong 
to weak 
Error 
in the 
ratio 
Final counting Final 
rate D0 in error 
counts/sec 
Resolution 
X 
transmission3 
p32 1407 1.3% 4.26 x 10& 3.9% .0293% 
10)86 775 1.2% 4.70 x 10& 4.2% .0308% 
Sr89 987 1.1% 3.99 x 10& 4.3% .0289% 
In^-14 1077 1.2% 4.03 x 10& 6.1% .0287% 
aThis entry is explained in the following sub-section. 
rate is the product of the two ratios and the counting rate 
from Table 7. The final error is the sum of the counting rate 
error from Table 7 and the error in the ratios. 
The shapes of the beta spectra of the calibration sources 
were measured in an intermediate-image beta-spectrometer built 
by Jensen et al. (48). Its operation has been thoroughly 
tested, [see for example, the work by Nichols (49)]. Calibra­
tion was accomplished with a Th(B + C + C") source and suit­
able corrections are made for detector dead time and source 
decay. A Kurie plot of one of the sources, ?32, is displayed 
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in Figure 11. The end-point of 1.70 Mev is in agreement with 
the average end-point of 1.71 Mev given in Seaborg1 s tables 
(42). The rise at the low energy end is due to a plethora of 
low energy electrons from backscattering in the source backing. 
The end point value and the linearity of the curve indicate 
that the spectrometer was operating correctly. 
The spectrum obtained from the Jensen spectrometer is a 
relative one and must be multiplied by a constant to obtain 
the absolute spectrum. This constant is the product of the 
transmission and the resolution of the spectrometer and is 
calculated in the following way. Let the number of electrons 
detected by the Jensen spectrometer at a setting p be D(p). 
If the momentum window Ap is divided out, and the resulting 
momentum spectrum integrated over all momenta, the total 
number of electrons detected is obtained. This is related to 
the number leaving the source D0 by the spectrometer trans­
mission L. 
In practice, one divides by p instead of by Ap and since p = 
R Ap where R is the resolution 
Using for D0 the final counting rates in Table 8 and perform-
dp = L D0 
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Figure 11. Spectrometer calibration 
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ing the integral numerically, one obtains RL for each spectrum. 
These are listed in the last column in Table 8. The fluctua­
tions of these values are within the errors assigned to the 
final counting rates. These values are also in rough agree­
ment with the product of the resolution and estimated trans-
* 
mission of the Jensen spectrometer*, namely 1.8% x 1.4% = 
0.025%. 
The true momentum spectrum is then 
V(p) = D(p)/pRL. 
To obtain the response N(P) of the double-focussing 
spectrometer used in this experiment, the beta sources were 
placed at the target position and after the detector correc­
tion had been made (as will be discussed in the next chapter) 
and the decay allowed for, the spectrum N(p) was obtained. 
The Kurie plot of P^ is displayed in Figure 11 for compari­
son with the Kurie plot taken on the Jensen spectrometer. The 
droop at the low end arises from the inability of electrons 
with energies much below 200 kev to penetrate the front 
detector due to the thickness of its walls. The end-point at 
1.67 Mev compares with the accepted value of 1.71 Mev within 
the error of the energy scale. 
The transmission function T(p) is obtained by solving 
Equation 9. For V(p) the known spectrum determined by the 
*Nichols, R. T., Physics Dept., Iowa State University, 
Ames, Iowa. Parameters of the Jensen spectrometer. Private 
communication. 1960. 
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Jensen spectrometer is used and the bn were listed previously 
on p. 60. Shown in Figure 11 is the average T(p) obtained 
from the four different sources. None of the individual 
sources deviate more than 5% from this average. It is safe 
then to assign a 5% error to these values which is consistent 
with the errors on the absolute source strengths. The smaller 
values at the high momentum end of the T(p) curve are 
probably due to the uncertainty in the second derivatives 
taken numerically near the end of the curve. 
The transmission at the flat portion of the curve in 
Figure 11 is 1.5 x 10"^. This result should be the product 
of the resolution, the solid angle and the efficiency of the 
detectors. The resolution has been measured to be about 12% 
and the solid angle is 0.155%. The product is therefore equal 
to 1.86 x 10~4. This implies that the detectors are about 
80% efficient which is a reasonable figure. The efficiency 
of the detectors is not needed in the analysis of the data, 
but just serves an order of magnitude check on the method. 
It is expected that this transmission function will be 
the same for positrons as for electrons since the gross 
characteristics of their interactions with matter are the 
same. The fact that a positron annihilates upon stopping is 
of no consequence since the detectors are insensitive to 
gamma-rays. In fact, the results of using the positron emit­
ter Na^2 were in agreement with the results of the electron 
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emitters. 
With the knowledge of T(p) and bn, one can calculate the 
true input spectrum V(p) from a measured unknown spectrum 
N(p) by Equation 8. However, the bn which were used to 
calculate T(p) are derived from a point source and are not 
appropriate when an extended source such as the beam spot is 
used. This effect is now investigated. 
4. The finite size of the beam 
At this time the effect of the finite size of the beam 
spot upon the target can be included. This effect is 
equivalent to the one arising from the use of an extended 
source in beta-ray spectroscopy in which the result is a 
worsening of the resolution of the spectrometer. This means 
the use of larger b% and bg than with a point source. To in­
vestigate this effect and to determine the new bn, the ideal 
situation would be to bombard a foil at the target position 
and create an isomeric state by a y-n or a y-p reaction. 
Since the de-excitation by gamma-emission is inhibited from 
such a state, the conversion coefficient is large and the 
conversion electrons from an extended source could be ob­
served directly. Moreover, the beam intensity distribution on 
the foil would be identical to the distribution used to create 
the positrons in the actual experiment. To this end, a tung­
sten foil was bombarded in an attempt to observe the conver­
sion of the 14 usee state at 366 kev in which was found 
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by Bureau and Hammer (50). Unfortunately, when the foil was 
thick enough to give a measurable counting rate above back­
ground, the conversion peak was so broadened by inelastic 
scattering in the target as to be useless for calibration 
purposes. 
Consequently, a less direct method was employed to 
determine the finite size effect. This method involved 
measuring the spectrometer response to a point source of 
monoenergetic electrons which was placed at various positions 
off-center in the plane of the target. An intensity pattern 
of the beam on the target plane was then established in a 
separate experiment and the response at each position to the 
point source was pro-rated according to the beam intensity 
there. Upon summing these individual contributions the 
response to an extended source was determined. 
The beam intensity variation in a radial direction from 
the beam axis was determined by bombarding a series of con­
centric copper disks each 5 mils thick. The radii increased 
in steps of 1/16 inch from 1/8 inch to 7/8 inch, there being 
13 disks in all. The exact radius was established by 
weighing, the thickness being quite uniform. A total of six 
bombardments at 40 Mev were made, three with the smallest disk 
in front and three with it in back. The 10 minute Cu^ 
positron activity generated by the Cu^(*y,n)Cu^2 reaction was 
counted in a standard end-window Geiger-Muller counter 
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arrangement. For ease in computation, a half-life of 10 min 
was used although the average given in the Nuclear Data Sheets 
is counted twice after each bombardment, the second time in 
reverse order. This procedure cancels out to first order any 
error arising from using a slightly inaccurate half-life. 
The dead time of the G-M detector was measured by the 
split-source technique described in Chapter 28 of Evans (51) 
and was found to be 264 + 3 tisec. Normalization to a unit 
solid angle is also required since the different size disks 
subtend different solid angles. Equation 10 of Jaffey (52) 
was used. The average of the counting rates for each disk, 
corrected for decay, dead time, and solid angle is plotted in 
Figure 12 against the average radius r of the disks defined by 
the ratio 
Point A on Figure 12 denotes the geometric projection of the 
beam defining nickel collimator. This causes the rounding 
off of the beam profile. The root-mean-square angle of the 
photon distribution from bremsstrahlung is given by Stearns 
(53) and is 2° for 40 Mev bremsstrahlung. This angle subtends 
a radius of 5 cm at the target position. The broadening due 
is 9.73 min. However, not only is some 13 hour Cu^ present 
from the Cu^^ (*y,n) Cu^ reaction, but also some 3 hour Cu^l 
is present from the Cu63(y, 2n)Cu^ reaction. The set of disks 
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to multiple scattering makes the profile practically flat 
inside this angle. The profile was not taken for lower 
energies since the flat portion of the profile would extend 
further in a radial direction and the collimator will even 
more be the limiting factor in the radial extent of the beam. 
The azimuthal variation of the beam was measured by 
bombarding a 0.05 cm thick 1.4 cm diameter copper disk which 
had been cut into eight sectors. After suitable normalization 
for weight and correction for decay and dead time, the 
counting rate for each sector was obtained and this is also 
plotLed in Figure 12. The 7% azimuthal variation is probably 
due to a slight collimator misalignment but it is not im­
portant. It turns out that the response of the spectrometer 
to an extended source is insensitive to the details of the 
intensity variation across the source and also, the correc­
tion to the spectrum due to the finite resolution is itself 
only of the order of 1%. 
The source of monoenergetic electrons used in measuring 
the off-center response was the Cs^^7 source which had been 
used previously in the momentum scale determination. A 
mechanism was constructed which enables one to move the 
source to various positions inside the vacuum system. The 
peaks obtained at various vertical and horizontal displace­
ments are shown in Figures 13 and 14. It is seen that the 
main effect of the horizontal motion is a diminution in peak 
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height due to a decreasing solid angle as the source is moved 
off-center. However, in the vertical direction this solid 
angle change is coupled with a shift in the position of the 
peak due to a changing radius of curvature which the electron 
must make in the magnetic field. It was also established that 
the effect of a diagonal displacement could be approximated to 
within 25% by combining the shift of the peak due to the 
vertical component with the diminution due to the horizontal 
component. Since the overall effect of a finite source is 
quite small this simplifying approximation can be made with 
negligible error. 
The target area was then divided into a rectangular grid 
of small rectangles 1/8 inch high and »f2 x 1/8 inch wide, the 
*/*2~ taking care of the 45° tilt of the target. For a given 
current, the contribution from a given small rectangle is the 
triple product of the beam intensity at that point, the 
ordinate at that current of the particular vertical displace­
ment curve corresponding to the vertical distance of the 
rectangle measured from the center of the target and the area 
under the particular horizontal displacement curve corres­
ponding to the horizontal distance of the rectangle measured 
from the center of the target. The results are summed over 
all the small rectangles to give one point on an extended 
source response curve. The entire curve is displayed in 
Figure 14 for comparison with a point source response. The 
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broadening is apparent. The new bn calculated from the 
moments of this new response curve are 
bc = 1.000, bi = -0.00261, b2 = 0.00187, b3 = 0.00001. 
The associated an are then 
aQ = 1.000, ax = 0.00262, a^ = 0.00194 
These values of an are used in Equation 8 to make the resolu­
tion correction to the spectrum. 
F. The Detection System 
In order to decrease the background to a reasonable level, 
a counter telescope is employed as a detection system. The 
positron must pass through and make a response in the front 
counter which has a sensitive area of about 5 cm2. They then 
travel 6 cm and are detected by the back counter which also 
has a sensitive area of about 5 cm2. The total solid angle 
for background is thus reduced by a factor of 23. However, 
the solid angle is not reduced for the positrons that have 
come up through the spectrometer since these trajectories 
penetrate both detectors. Since the positron's direction is 
also the most favorable direction for the arrival of the 
particles that comprise the background, the reduction is more 
nearly a factor of ten. 
A diagram of the front detector, hereafter called the gas 
counter, is shown in Figure 15. It is a cylindrical ioniza­
tion chamber that is operated in the Geiger region. Actually, 
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the short dead time of 60 (isec and the slight spread in pulse 
heights indicate that the operation is probably in the region 
of limited proportionality. The true Geiger region is un­
attainable since nonuniform!ties in the field cause parts of 
the counter to go into continuous discharge if the voltage on 
the center wire is increased above 1000 v. The grounded outer 
conducter is a brass cylinder with slots cut in the sides to 
admit the positrons. Covering these slots is one mil 
aluminized Mylar foil that is attached to the brass cylinder 
by Armstrong A-4 adhesive. One corner of the foil is silver 
painted to the brass to provide electrical contact with the 
inner coating of aluminum. By weighing a rectangle of the 
Mylar whose area had been measured, it was found that two 
mils = 6.8 mg/cm2. Assuming the stopping power of Mylar is 
the same as aluminum and using the range-energy relation of 
Flammerfeld on p. 22 of Siegbahn (30) it is found that this 
much Mylar will just stop 74 kev electrons. This is the 
cause of the cut-off that was found to occur in the trans­
mission function at energies below 100 kev. Thinner Mylar 
was tried, but it did not hold up under the positive pressure 
that exists inside the counter when it is filled with counting 
gas and placed inside the vacuum chamber of the spectrometer. 
The center wire is 2 mil platinum and is soldered at one 
end to an insulating bakelite stand-off. Before passing the 
wire out through the glass-to-metal Stupakov connector to the 
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high voltage, the wire diameter is increased. It is desired 
to make the region above the slotted part of the tube 
electrically insensitive since positrons that penetrate this 
region cannot reach the back counter. Accordingly, the 2 mil 
platinum wire is soldered onto a 30 mil copper wire thus 
weakening the fields in the upper part so as to make this part 
inoperative. This phenomenon was checked by shielding all 
but a small area of the counter with a movable brass sleeve 
while the counter was active but not yet placed in the 
spectrometer chamber. The sensitive regions of the counter 
were easily located with the aid of a source of electrons. 
After the center wire was soldered in place, but before 
the Mylar windows were attached, the counter was washed with 
acetone and distilled water and baked in an oven for out-
gassing. Then the Mylar was glued in place and the counter 
was pumped down to an ultimate vacuum of 5 x 10mm of Hg. 
It was then filled to 1/3 atmosphere with Q-gas which is 
98.3% helium and 1.7% butane, the latter being used as a 
quenching gas. Attached to the counter, evacuated, and filled 
at the same time as the counter is a one liter reservoir to 
minimize the effects of any gas leaks. 
The center wire is charged to a positive potential of 
950 v via a 50 K Q resistor from a Kepco power supply, model 
1220-B. The pulses developed across the resistor are fed to 
a standard White cathode follower to provide an impedance 
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match with the 100 feet of coaxial cable that separate the 
detectors from the amplifiers. Negative pulses of the order 
of 1.0 v high and 2 psec long are produced under normal opera­
tion. These pulses then go to a Hamner amplifier, model 
N-303, for amplification and discrimination. The result of 
raising the discrimination level is a long plateau followed -
by a smooth fall-off of the counting rate. The presence of 
this long plateau indicates that there are no very small 
pulses produced in the counter but the absence of a sharp 
threshold indicates that the pulses are not all the same 
height. This demonstrates either that the tube is operating 
in a region of limited proportionality or that the fields 
are stronger in some portions of the tube than in others. 
This last supposition is supported by the observation that 
the high voltage plateau is rather poorly defined, there 
being a 50% change in counting rate per 100 v change in the 
high voltage. However, for this change in voltage, the 
coincidence counting rate changes by only 10% indicating that 
an increase in the high voltage on the center wire merely 
brings into operation parts of the tube that are outside the 
acceptable positron trajectories. A method of normalization, 
to be described later, corrects to first order these fluctua­
tions . 
The dead time of the gas counter is about 60 usee. This 
is measured on an oscilloscope and represents the minimum time 
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after a pulse has occurred that a new pulse is large enough 
to pass the discriminator. This time is, of course, dependent 
upon the setting of the discriminator. It takes a period of 
the order of 200 jxsec for the pulses to reach full height 
after the counter has fired. 
Because of a time jitter of about 1 jxsec observed in the 
output of the gas counter, due apparently to the difference 
in collection times of cascades originated by a positron 
passing close to the wire and one passing far away, the out­
put of the discriminator is stretched into a square pulse 
3 [isec long by a standard "flip-flop". By this maneuver, the 
coincidence between the pulses from the front and back 
detectors is not destroyed by time jitter in the front detec­
tor. 
Before describing the coincidence circuit, the back 
detector, hereafter called the phototube, will be mentioned. 
It is a RCA 6810 photomultiplier tube with a 10 mil thick 4 
cm diameter piece of stilbene-loaded lucite as a scintillator. 
The energy resolution is, of course, nil but all that is 
required is a detector and the thinner the scintillator, the 
less the background. The scintillator is separated from the 
phototube by a 10 cm lucite light-pipe which serves to remove 
the phototube from the fringe field of the magnet. The 
optical coupling is made with Dow-Corning stop-cock grease. 
A 4 cm diameter piece of 1/4 mil aluminized Mylar on the front 
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of the scintillator helps increase the light collection. 
O-ring seals are provided for connection to the vacuum sys­
tem and the whole arrangement is surrounded by a double layer 
of mu-metal shields as a protection against the magnetic 
fields. The efficacy of this shielding was checked by re­
placing the plastic scintillator with a standard Nal(Tl) 
scintillator and observing the gamma-radiation from a Cs-^7 
source adjacent to it. Negligible shift in the 662 kev peak 
as displayed on a 256 channel analyzer occurred as the magnet 
was varied. 
A negative voltage of 1500 v is applied to the photo-
cathode and smaller voltages go to the other dynodes via a 
resistor string. The 14-stage 6810 phototube has a multi­
plication of well over 10^ and so appreciable pulses can be 
developed across load resistors as small as 200 £2 . This 
allows one to drive a 200 Çl coaxial cable directly with no 
cathode follower needed. By adjusting this load resistor so 
no reflection occurred when the line was driven at the 
receiving end with a pulse generator, a value of 186 Q was 
found to give a perfect impedance match. 
The pulses are about 0.5 v high and 0.2 [isec long. They 
are fed to a Hamner amplifier identical to the one used with 
the front detector. After discrimination, the pulses enter an 
identical "flip-flop" for stretching to 3 |isec. The plateau 
produced by varying the discriminator is quite sloped since 
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the phototube puts out pulses of various sizes depending upon 
how much energy the positrons lose in the plastic scintillator 
before scattering out. However it is possible to find a 
position of the discriminator where the coincidence counting 
rate is insensitive to the discriminator setting. The 
normalization procedure will take care of this fluctuation 
also. 
The pulses from both the front and back detectors pro­
ceed to a gating circuit which allows one to select only 
those pulses that arrive in a short interval of time. This 
interval is initiated by the RF-off pulse and is turned off 
some 200 [xsec later. This procedure allows one to discrimi­
nate against any long-lived background that may exist after 
the beam burst has past. The two sets of pulses finally 
enter a slow coincidence circuit. This consists of a 6BN6 
electronic tube which has two control grids and so is essen­
tially two switches in series. Both must be closed for an 
output to occur. The resolving time of this circuit is 
governed by the length of the input pulses. Since either one 
can precede the other by 3 [isec and still be in coincidence, 
the resolving time is 6 y.sec. This was checked by inserting 
a variable delay first in one input and then in the other. 
When the counting rate is plotted against the delay time, a 
trapezoidal curve results, the sloping sides being due to the 
time jitter in the gas counter. 
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Finally, the two singles outputs and the coincidence out­
put are fed to three Eldorado scalers, models SC-750. The time 
intervals are measured with the same timer used in the ab­
solute counting rate determination of the beta sources in the 
4ir counter. 
The counting rate displayed on the coincidence scaler 
must be corrected for two effects to get the true coincidence 
counting rate. First, the gas counter is inoperative for a 
certain period (the dead time) after it has fired. A positron 
arriving at the counter during this period will not be 
counted. Secondly, the possibility exists that two particles 
will each arrive at a different counter within a certain 
interval, the resolving time, and cause an accidental co­
incidence. Corrections for these two effects are made using 
the singles counting rates from the other two scalers. Thus, 
the dead time and the resolving time must be known. The fol­
lowing discussion explains how these characteristic times are 
measured by varying the counting rates through varying the 
intensity of the synchrotron beam that produces the counts. 
The recorded counts per sec m^ from the gas counter are 
related to the true counts per sec arriving at the counter by 
the formula irig - ng (1 - mgTg) where Tg is the dead time. 
[See, for example, Chapter 28 in Evans (51)]. If one measures 
counts per dose instead of counts per sec and the collection 
time of one dose is t sec, the measured counting rate in 
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counts per dose is 
Mg = IHgt = ngt - (ngt) (mgt) (Tg/t) = Ng - Ng Mg Tg/t. 
The determination of Tg is done by varying the beam intensity 
which varies the time t to collect one dose. When the 
measured counts per dose Mg are plotted as ordinates against 
Mg/t as abscissae, a straight line results with an intercept 
Ng and a slope Ng Tg. The value of Tg is calculated by a 
least squares analysis of the data. 
The quantity Tg measured in this manner is an effective 
dead time and is not equal to the actual dead time of 60 p.sec. 
In fact, different values of Tg will be obtained for dif­
ferent energies of the synchrotron due to the variation in 
the beam duration. The beam duration is the spread in time 
during which the photons are being emitted. Even when this 
duration is multiplied by the repetition rate of the syn­
chrotron, the beam is present only a small fraction of the 
time. This means that most of the time no positrons are 
arriving at the counter, and when they do, the counter is 
asked to count at a rate much larger than the average observed 
rate. In addition the beam intensity is not constant during 
the pulse. Hence the effective dead time Tg depends upon the 
beam duration and intensity in a complicated manner and is 
generally much longer than the actual dead time. The value of 
Tg measured at each of the five energies is displayed in 
Table 9 along with the errors. Also displayed are the resolv-
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Table 9. Dead times and resolving times 
Nominal Dead time Error Resolving Error 
energy m msec time 
in Mev in msec 
20 25.9 43.6% 11.00a 30.2% 
25 16.8 15.8% 7.12 13.8% 
30 8.9 15.1% 4.54 11.7% 
35 11.2 9.2% 4.69 7.9% 
40 10.1 8.8% 3.11 9.3% 
^Estimated due to insufficient data at this energy. 
ing times which will be explained next. The large errors are 
reflected in the scatter of different Tg. These errors are 
not troublesome since the counting rates are held small 
enough to keep the dead time corrections below 10% for the 
most part. 
The resolving time of the coincidence circuit is de­
termined in a similar manner. If nip and mg are the singles 
counting rates at the input to the coincidence circuit and nc 
is the true coincidence rate, the measured coincidence rate 
mc = nc + (nip - nc) (mg - nc)Tq where Tc is the resolving time. 
[See Chapter 28 in Evans (51)]. If again one measures counts 
per dose rather than counts per sec, the true coincidence 
counting rate in counts per dose is 
Nc = mc t = Mc - (Mp - Nc)(Mg - Nc) Tc/t. 
Since the gas counter is dead part of the time, Nc will be 
reduced. Assuming the phototube to have no dead time, the 
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dead time corrections which are applied to the gas counting 
rate must also be applied to the coincidence counting rate. 
Thus 
Nc = [Mc - (Mp - Nc) (Mg - Nc) Tc/t ](1 - Mg Tg/t)™1. 
One obtains upon solving for M^, 
Med - Mg Tg/t)"1 = 
Nc + [(Mp - Nc) (Mg - Nc)Tc/t ] (1 - Mg Tg/t)-1. 
Upon varying the time t to collect one dose, a graph can be 
made of Mc(l - Mg Tg/t)""1 vs. [ (Mp - Nc) (Mg - Nc)Tc/t ] (1 -
Mg Tg/t)-1. Since the Nc are not yet known, approximate 
values are used. A preliminary graph is made with the Nc re­
placed by Mc. Extrapolation to 1/t = 0 gives the approximate 
value of Nc to be used in the actual least squares analysis. 
The slope of the resulting straight line gives the value of 
Tc directly. These values also depend upon the energy of 
the synchrotron because the pulsed nature of the machine 
brings the positrons to the counters in bunches. The Tc are 
displayed in Table 9 along with the errors. The corrections 
from this source can be as large as 30 + 5%. 
It has been mentioned that both of the singles counting 
rates are subject to variations. In the case of the gas 
counter, gradual leakage of the gas necessitates changing the 
operating voltage from day to day. This introduces changes 
in the counting rate if the output pulses are not kept at the 
same height. In the case of the phototube, slight drifts in 
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the high voltage result in moderate changes in gain and thus 
a change in the counting rate if the voltage is not read­
justed properly. However the fluctuations in the coincidence 
rate are observed to be less than the fluctuations in the 
singles rates the former being of the order of 5% from day to 
day. Since this variation is small> a first order correction 
can be made by normalizing the coincidence counting rate to 
a standard source. Placed in the bottom of the spectrometer 
is a source made of the positron emitter Na22 which has a 
half-life of 942 days as given by Merritt et al. (54). Before 
and after each calibration run with the beta sources and each 
pair production run, this source was counted at a certain 
magnet setting with the gate open continuously. After cor­
recting the coincidence counting rate from the source for 
dead time (a value of 60 usee was used since the gate was wide 
open) and decay (the accidental rate was negligible), the 
ratio Cn of an arbitrarily set standard counting rate and the 
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Na counting rate for that run was formed. This ratio Cn is 
then used to normalize the coincidence counting rates in that 
particular run. The necessary correction was never more than 
5% because the counting rates on the singles scalers were kept 
as constant as possible. When not in use, a movable metal lid 
covered the Na22 source. The other normalization factor is 
a# mentioned in section C, which corrects the dosemeter to 
22° and 760 mm of Hg. Upon solving for Nc the final 
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corrected coincidence counting rate is then 
U = CnCdNc = 
CnCd(Mc - MgMp rc/t)(1 - Mg Tg/t - Mg Tc/t - Mp Tc/t)_1 
- (Identical expression for the background). 
This is Equation 1 in the experimental introduction. 
The errors in the coincidence counting rates are cal­
culated by the usual propagation formulas and the largest 
contribution comes from the counting statistics in the re­
corded coincidence rates and the error in the resolving time. 
The dead time correction errors and the effect of errors in 
the singles rates are small enough to be neglected. The 
fractional error is given by 
(AU/U) 2 = [Mc + (MpMg ATc/t)2] (%c - MgMp XQ/t) "2 
+ (Identical expression for the background). 
The statistical error in a counting rate M is taken to be »/M. 
G. The Background 
The size of the background was one of the major limita­
tions on the accuracy of this experiment. It was realized 
that this would be the case, since the counting must be done 
during the beam burst when the whole area around the synchro­
tron is bathed in radiation. The background comprises up to 
90% of the phototube counting rate and up to 60% of the gas 
counter counting rate. The largest gain towards reducing the 
97 
background came from using a counter telescope for a detector. 
Even then, the background is of the order of 20-30% of the 
total coincidence counting rate. 
No attempt was made to engage in exhaustive study of the 
source of the background since the point of diminishing re­
turns is quickly reached. Most of the background probably 
comes from pairs that are produced in the walls of the vacuum 
chamber and near the detectors by scattered gamma-rays. As 
is shown in the diagram of the experiment in Figure 6, as 
much shielding as possible is placed between the detectors and 
the synchrotron. Most of it is lead to cut down the scattered 
gamma-rays that arise from the beam-defining first collimator 
and from the synchrotron electrons striking the walls of the 
donut. The possibility of long-lived activity being 
generated by these gamma-rays and building up during the 
course of a run was checked before and after 12 hours of syn­
chrotron running time. No such build-up was found to exist. 
It was shown by Bureau and Hammer (50) that a large 
scattered neutron flux is produced by the synchrotron and this 
flux has an apparent moderation half-life of 200 jisec. These 
neutrons might be captured near the counters and this would 
result in the production of gamma-rays. Also the neutrons 
might directly interact in the plastic scintillator by means 
of knock-on protons. To reduce these effects, the regions 
around the detectors and the vacuum chamber were filled with 
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boron carbide loaded paraffin bricks. Boron has a large cross 
section for the capture of neutrons and Petree et al. (55) 
mention that the capture gamma-ray has an energy of only 480 
kev, which is too low to create pairs. Also boron has a low 
atomic number which inhibits pair production by incoming 
photons. It was found that borax was needed near the syn­
chrotron. If it was replaced with lead, the background in­
creased. Upon varying the counting gate width from 200 p,sec 
to 400 jisec, negligible change was noted in the counting 
rates thus demonstrating that most of the background must be 
from prompt radiation, be it gamma-rays or fast neutrons. 
The overall picture is that the most benefit comes from the 
use of the counter telescope and that the addition of more 
shielding to that shown in Figure 6 is not worth the effort. 
At this time the question is considered of whether all 
the counts from the detectors are due to positrons arriving 
from pair production in the target. Since for every run with 
the target in place, a background run is made with the target 
out of the frame, the only source of extra counts is the tar­
get itself. It was mentioned in Section B that the insertion 
of lead diaphragms and the addition of another sweeper magnet 
along the beam path had no effect on the counting rate. From 
this it is concluded that there are no positrons or electrons 
coming down the beam and scattering from the target into the 
detectors. 
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The claim that all of the counts from the coincidence 
circuit are from particles that have come up through the 
spectrometer when the target is in place can be checked by 
noting the singles counting rates. When a standard source of 
electrons is placed at the target position, the singles rates 
each are about 50% larger than the coincidences. This is due 
mainly to the fact that the sensitive areas of the counters 
are not the same shape and hence the counters do not eclipse 
each other. The increase of the singles rates over background 
when a target is inserted and the beam turned on is also about 
50% larger than the increase in the coincidence rate. If 
particles were being detected that had come from directions 
other than along correct spectrometer trajectories, the 
singles rates should increase by a much larger factor than the 
coincidence rate. This was not observed. Also the insertion 
of additional baffles in the spectrometer chamber had no 
effect on the counting rate as long as the aperture defined 
by the center baffle was not decreased. This means that few 
electrons or positrons scatter up through the spectrometer. 
In addition, with the magnetic field set at a point below the 
spectrometer cut-off, the same number of coincidence counts is 
obtained with the target in place as with the target out. 
Thus the coincidence counts must be due to charged particles 
coming up through the spectrometer. 
The final alternative is that a very short-lived beta 
100 
activity might be generated in the target. Since the counting 
rate did not change as the gate width was varied from 200 to 
400 usee, the half-life would have to be of the order of 50 
lisec. This short a half-life requires an end-point energy 
release so high that beta-decay would be improbable. 
Thus it must be concluded that the counts that arise from 
the target are low energy positrons created by photons at 90° 
to the beam direction. The possibility that positrons might 
be lost by annihilation in flight can be neglected since at 
the pressure that exists in the vacuum chamber, the mean free 
path for positrons is ten times the length of the trajectory. 
Even in the gas counter, where the positron may lose up to 1 
kev in making ion pairs, the probability of annihilation is . 
less than 1 in 10^ according to the formulas on p. 385 in 
Heitler (10). 
H. The Procedure 
A description will be given of the general procedure used 
before and during a typical run, followed by the method of 
processing the data. A "run" consists of taking data while 
varying one certain parameter, the others being held fixed. 
This gives information on the experimental parameters 
characterizing the equipment, such as resolving times, or 
gives information as to the dependence of the pair production 
cross section on that parameter. 
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First, the alignment of the lead house is checked. This 
is done about once a week to make sure that the beam is hit­
ting the center of the target. Photographs of the beam are 
taken on X-ray sensitive film and developed in the usual 
manner. The beam aligner mentioned in Section B is a brass 
cross mounted permanently just in front of the dosemeter. 
Another removable cross is placed just behind the"second 
collimator. The relations between the images of these crosses 
on the film tell whether the lead house is in alignment and 
the circularity of the beam spot indicates whether the first 
and second collimator are in alignment. After an initial 
adjustment, it was found unnecessary to realign the lead house 
or the collimators. 
The amplifiers and power supplies were kept turned on 
continuously so no warming-up period was necessary. The syn­
chrotron magnet is turned on about four hours ahead of time 
to bring the detectors and the dosemeter to a constant temper­
ature. During this period the high voltage is switched on the 
gas counter and adjusted to give 1.0 v pulses. The spectrom­
eter magnet is raised to full-scale and zeroed to remove any 
remanent field. Then, several measurements of the Na22 
normalization source are made to insure that the counters 
and the circuits are operating properly. Also, the dosemeter 
circuit is charged to half-scale and then isolated to make 
sure there is no leakage. 
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Finally, the data are taken. The beam intensity is ad­
justed so that the gas counter is counting about one pulse 
per ten beam bursts. In this manner, the counting corrections 
are kept to a low level. Counts are recorded for a fixed 
dosage, the time taken to collect one dose or 50 clicks being 
on the average five minutes. Generally, the spectrometer 
magnet is varied to increase the positron energy in steps of 
100 kev. The other parameters that are changed are the 
synchrotron energy, the target material, and the target thick­
ness. Background runs are made with no target in the frame. 
At intervals during the runs, the temperature of the dosemeter 
is read, and the barometric pressure is recorded. After the 
runs are over, the Na22 source is counted and the dosemeter 
leakage is checked again. The analysis of the data follows 
the steps outlined in the experimental introduction. The 
result is the function Y (X,E) of Equation 5. The error in Y 
includes the counting rate error, the 5% error in the trans­
mission and the error in the thickness correction. 
To demonstrate how the corrections are applied, the 
analysis of a typical set of data is shown in Table 13 in 
Appendix B. In Table 10 which follows are summarized the runs 
that are made and the parameters that are varied. Since the 
presentation and analysis of all this data would be too bulky 
to—include in this report, it has been recorded on p. 10Of in 
Notebook PAM-2 which is deposited in the Document Library, 
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Ames Laboratory, Ames, Iowa (56) . 
Table 10. Summary of runs 
Run 0.51 X Target Thickness Dose in Main 
number in Mev material in mils clicks dependence 
measured3 
1 40 Gold 0.4 50 e
-H 
2 Var. Gold 
Tin 
0.4 
1.0 
Var. e
-H 
3 40 Gold Var. 50 so 
4 40 Gold 
Tin 
Var. 50 z 
5 40 Gold Var. 50 so 
6 30 Gold 0.4 40 E+ 
7 20 Gold 0.4 25 E+ 
8 35 Gold 0.4 45 E+ 
9 25 Gold 0.4 30 E+ 
10 Var. Gold 0.4 Var. 
11 40 Tin Var. 50 so 
a 
The run was made primarily to check the dependence of 
the cross section on the parameter under this heading. The 
quantities E+ and E_ are the positron and electron energies, 
Z is the atomic number of the target material, sG is the 
target thickness and Tc and RG are the detector parameters 
discussed in Section F. 
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IV. RESULTS 
The function Y(X,E) obtained in this experiment repre­
sents the positron spectrum produced in the target by the 
bremsstrahlung distribution of photons. The quantity Y(X,E) 
is related to the positron spectrum S(k,E) produced by mono­
chromatic photons by Equation 6, 
r x  ps j B(X,k) As(k) S(k,E) dk 
v E+l 
Y(X,E) = — (6) 
r x  
n / B(X,k) Aa(k) k R0 (k) dk 
o 
repeated here for clarity. The results are best displayed by 
the use of an auxiliary function 
G(X,E) = Y(X,E) fiR(X) /Ps 
where 
R (X) J  B(X,k) Aa(k) kdk = J  B(X,k) Ad(k) k R0(k) dk 
= F (X) . 
Values of R(X) are given in Table 3 in Section C of Chapter 
III. The function G(X,E) is chosen because it is independent 
of the experimental variables such as the dosage, the target 
thickness, and the bremsstrahlung normalization. 
Figure 16 shows the experimental G(X,E) obtained for gold 
at the five different synchrotron energies X. The enormous 
error in the 0.1 Mev points is due to the large thickness 
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correction error multiplied by a large transmission factor 
l/pT(p) at this small value of p. 
The main feature to be noted in Figure 16 is that all of 
the spectra have the same general dependence upon the energy 
of the positron. This implies that the function S(k,E) is 
separable into a k dependent part and an E dependent part 
since then the E part can be removed from the integral. The 
fact that the curves do not have exactly the same shape is 
due to the lower limit of integration E + 1. This tends to 
enhance the spectra at smaller values of E since the integral 
then extends to lower values of k. Also, this effect is more 
pronounced for smaller X since a larger fraction of the 
integration interval is scanned by changing E. This is also 
shown in Figure 16 by the sharper rise at lower energies of 
the spectra taken at smaller X. _ 
Also shown is the electron spectrum at one value of X. 
This demonstrates how many more electrons there are than 
positrons produced in this experiment. It is seen that pair 
production cross section for low energy electrons is com­
pletely overwhelmed by competing processes. 
Another facet of the data is shown in Table 11. The 
product Y(X,E) fi F(X) is displayed for all X at a few repre­
sentative values of E. 
These values are slowly varying with X. Hence the 
numerator of Equation 6 is largely independent of X. This can 
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Table 11. Dependence of Y(X,E) Q F (X) on X 
Nominal 0 
energy = 
in Mev 
.51 (E-l) 
0.4 Mev 
0.51 (E-l) 
= 0.7 Mev 
0.51 (E-l) 
= 1.0 Mev 
0.51 (E-l) 
= 1.4 Mev 
20 1.39 0.65 0.56 0.29 
25 1.63 0.73 0.59 0.34 
30 1.68 0.77 0.55 0.36 
35 1.56 0.80 0.61 0.38 
40 1.86 0.87 0.71 0.39 
only occur through a l/kn dependence of S(k,E) upon k. Such a 
dependence would emphasize the low energy end of the brems­
strahlung spectrum and make unimportant the high energy 
contribution which is strongly dependent on X. A lower 
limit of zero can be placed upon n and the best fit to the 
data is obtained by letting n = 1. 
Finally, the data taken with tin targets can be compared 
with the gold data to determine the Z dependence of the cross 
section. Shown in Table 12 is the ratio G(gold)/G(tin) at the 
two values of the positron energy E at which thickness cor­
rections were made for tin. If a Z2 dependence is assumed, 
the theoretical ratio should be (79/50)2 =2.5. ' 
Since the pair production cross section of Keiffer and 
Parzen (7) combines the features of separability, 1/k depen-
dence and Z dependence, it is instructive to compare the 
experimental values of G with the theoretical values calculat-
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Table 12. Dependence of G(X,E) on Z 
Positron kinetic G(gold) Error 
energy in Mev G (tin) 
0.4 2.1 21% 
0.7 2.1 31% 
ed via Equation 6 with S(k,E) derived from the Parzen formula. 
It should be recognized at this point that S(k,E) is the 
average of a differential cross section over the aperture of 
the spectrometer. Thus 
40 AG + ir/2 
S (k,E) = ~ f d$ f sin © de 0 (k,E,6) 
—A0 -A© 4- 7r/2 
where Aw = 4A0A6. The angle tt/2 is used because it is the 
angle to the photon direction at which the aperture is cen­
tered. Using for cj(k,E,6) the Parzen formula 
Z1 „ K -P cos 6 + (p + E cos ©) In (E + p) 
a (k,E,e) - =-
p (E - p cos ©)2 
where K = aZ2 r02/27r, the integration gives 
K ln(E + p) 2 
S(k,E) = £ — 2— (1 + A © terms) . 
E 
For the spectrometer used in this experiment A2© = 0.0017 so 
the higher order terms can be neglected. Then 
s(k,E) S | ln^ + p)= crp(k,E,ir/2) . 
E 
Figure 17 shows the comparison for gold targets at 40 
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Mev. The agreement in shape is quite good even at the low end 
where the Parzen formula, being a special case of the Bethe-
Heitler calculation, should not hold. The outstanding feature 
of Figure 17 is the fact that the absolute magnitude of the 
experimental cross section is 10 to 15 times larger than the 
theoretical cross section. Also shown are a few representa­
tive points resulting from the use of a more nearly correct 
cross section for S(k,E). The significance of this graph 
will be discussed further in the next chapter. 
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V. CONCLUSIONS 
It would have been desirable to solve Equation 6 and ob­
tain the dependences of the cross section S(k,E) explicitly. 
Most methods, such as the procedure of Penfold and Leiss (31), 
in principle involve replacing the integral by a sum and 
solving the resulting matrie equation. These methods general­
ly require accurate data taken at values of the synchrotron 
energy X in small intervals down to zero. This could not be 
done in this experiment because of the number of parameters 
that had to be varied and the length of time needed to 
accumulate good statistics. 
It was thought originally that the use of a beam hardener 
would alter the bremsstrahlung spectrum in the low energy 
region so that a simpler method of analysis could be used 
which would allow the data to be taken at a few widely spaced 
values of X. As was seen in Figure 7 the hardener attenuates 
the low energy photons and it was hoped that the remaining low 
energy dependence could be removed by the subtraction of data 
taken at adjacent values of X. However, the inherent 1/k 
dependence of the bremsstrahlung cross section B(X,k) and the 
1/k dependence discovered for S(k,E) emphasize the low energy 
photons and cause them to be the major contributors to the 
integrated cross section Y(X,E). Thus the results of such a 
subtraction are not significant in view of the statistics. 
Nevertheless, it is seen from the results that certain 
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conditions could be placed on the form of the cross section 
S(k,E) without having to extract it from the integral. In 
particular, S(k,E) = Zm k~n f (E) where 1.0 <m< 2.1 and 0 <n< 2. 
The most probable values for m and n as determined here are 
1.6 and 1.0 respectively. It was shown in Figure 17 that the 
Parzen cross section not only has the Z and k dependence that 
conforms to these conditions but also has an E dependence 
that is in agreement with the experiment. This agreement in 
Z, k and E is remarkable in view of the discrepancy in the 
absolute magnitudes. One might suggest that the agreement in 
shape is fortuitous and that the discrepancy in magnitude 
could be removed by using a more exact theory. Indeed, the 
Parzen formula is only an approximation to the Bethe-Heitler 
cross section which is itself an approximation. The Parzen 
approximation demands that one of the particle energies be 
large in comparison with the other as well as demanding that 
the Born criterion hold, i.e., that all energies be large and 
that aZ be small in comparison with unity. Clearly these re­
quirements are not fulfilled over the whole region of integra­
tion of k in Equation 6. 
The high energy restrictions are removed from the Bethe-
Heitler cross section* by the multiplicative factor 
Q = a+a_(ea+ - 1)-1(1 - e"a")"1 
*Hammer, C. L. Physics Dept., Iowa State University, 
Ames, Iowa. Interpretation of the Bethe-Maximon correction 
term. Private communication. 1961. 
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where a+ = 2iraZ/f3+ and (3 » E/p. Bethe and Maximon (14) show 
that this factor corrects the Bethe-Heitler formula to all 
orders in aZ as p+ and approach unity. In addition, the Q 
factor corrects the cross section for all values of and f3„ 
but then only to lowest order, namely, a2Z2. 
As (3+ approaches unity the Q factor becomes 
Q = (2iraZ e~^aZ)2. 
Thus the net result is to reduce the high energy cross section 
by about a factor of 3 for gold and a factor of 2 for tin. It 
might be mentioned that the total pair production cross section 
is only reduced by about 10% by this factor. In this case, 
the largest contribution comes from forward angle production 
in which the momentum transferred to the nucleus is small. 
The "impact parameter" is large and so screening of the 
nuclear charge causes a reduction in the effect of this fac­
tor. In the case of large angle production, however, it was 
seen in Chapter II that the momentum transfer is such that 
screening is negligible. Hence it is to be expected that this 
factor will have its full effect. 
To obtain a better theoretical formula than the Parzen 
formula to use for S(k,E), the Bethe-Heitler cross section 
multiplied by the Q factor is then the next logical choice. 
The basic Bethe-Heitler cross section integrated over the 
angle of one of the particles can be derived from the analo­
gous bremsstrahlung formula by a suitable change of variables. 
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The bremsstrahlung formula has been integrated over the photon 
angle by Sauter (57) and is Equation 11 of that paper. The 
change in variables is explained on p. 257 of Heitler (10). 
The Z dependence of this improved cross section is no 
longer a simple power law, but the ratio QZ2(gold)/QZ2(tin) 
can be calculated to compare to Table 12. A value of 1.5 is 
obtained which is just within the error assigned to the ex­
perimental ratio. The k dependence is likewise somewhat 
obscured, but the dominant behavior is still 1/k. At first 
glance it is seen that the extra terms in the complete Bethe-
Heitler formula are 1/k^ terms but since they are negative 
in sign, the improved cross section becomes increasingly 
smaller than the Parzen formula as k is reduced. In the ex­
treme non-relativistic limit, the improved cross section 
approaches values given by the formula of Nishina et al. (9). 
Since the dependence of their cross section is Q(k-2), this 
modifies the 1/k dependence of the Bethe-Heitler cross section 
as k approaches 2. Thus the overall k dependence is probably 
less strong than 1/k. 
When this improved cross section is used for 5(k,E) in 
Equation 6, the triangular points in Figure 17 result. It is 
seen that the magnitude is reduced by the Q factor and also 
the peak is shifted to higher energies. This shift was fore­
told in Chapter II and is due to the Coulomb repulsion of the -
positron by the nucleus as manifested in the Q factor. 
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It must be concluded that the use of the Bethe-Heitler 
cross section corrected by the Q factor not only results in a 
worse fit to the experimental Z, k and E dependences but also 
does not ameliorate the discrepancy in absolute magnitudes. 
This corrected cross section is still only valid to 
lowest order, a2Z2. The a3Z3 term is provided by the calcula­
tion of Hammer and Moroi mentioned in Chapter II. Their 
calculation is valid as long as E_ and E+ are not commensurate 
and as long as k is larger than unity. This last requirement 
is always met because k must be at least 2 for the pair pro­
duction process to go. The region E+ ~ E_ is not covered by 
3 3 the a Z term but this region is small compared with the range 
of integration of k in Equation 6. Thus one would not expect 
the contribution from this narrow region to alter the results 
of the integration in a radical manner. 
Although the results of the a3Z3 correction are not yet 
available in numerical form, the main dependence of this term 
is Q/k and the magnitude is not expected to be excessively 
large. Hence an order of magnitude change in the theoretical 
calculation is not foreseen by the inclusion of this a3Z3 term 
in S(k,E) . 
The only other alternatives that one might suggest to 
produce extra positrons are some second order processes taking 
place within the atom, such as creation in the field of the 
atomic electrons or a creation followed by a scattering in the 
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same atom. However, the probability for electronic creation 
is down by a factor of Z from nuclear creation and it is 
difficult to see how a second order process would be important 
at 90° and not affect the forward angle production also. 
To summarize, an investigation of the positrons produced 
at large angles was undertaken. The best agreement between 
the experiment and the theory is reached by the use of the 
Parzen formula but even then there is a large discrepancy 
in the absolute magnitudes. Furthermore, it is likely that 
this discrepancy will be larger since a more exact theory must 
at least involve multiplication by the Q factor. It is, of 
course, possible that this discrepancy arises from an improper 
procedure or assumption somewhere in the development of the 
experiment, but it is hard to understand how a factor of 25 
could be overlooked. If the experimental results are true, 
then this implies that the higher order terms in the aZ 
expansion of the cross section must be quite large and doubts 
may even be cast upon the convergence of the series. These 
implications also pertain to the bremsstrahlung tip. A 
repetition of the experiment with a revision of some of the 
procedures should certainly be done in order to verify these 
conclusions. 
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~ VIII. APPENDIX A 
The method of correcting the 4ir proportional counting 
rates for losses due to absorption and dead time is given. 
The 4ir chamber is divided into two separate halves, each of 
which is furnished with an anode wire and so can operate as a 
counter. A source of beta activity is placed on top of a thin 
backing and mounted between the two halves on a thin aluminum 
partition. The following quantities are defined: 
2No;^ = true counts from source i. 
N>. = counts entering chamber £ from source i. 
s1 
P| = background counts entering chamber £. 
N' = N*. + Pfi = total counts entering chamber £. 
çi s1 ^ 
M*. = total counts recorded from chamber ê. 
s1 
The first subscript £ refers to the chamber which records 
the counts. It becomes t for top, b for bottom and tb for top 
plus bottom connected in parallel. The second subscript i re­
fers to the source which is used. It takes the values 1, 2, 
etc. The different sources are different strengths of the 
same beta activity. The following parameters are defined as 
the fraction of the incident counts undergoing an absorption 
or scattering. 
a^ = fraction absorbed in backing. 
bi = fraction absorbed in backing and partition. 
ci = fraction scattered from backing. 
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di = fraction scattered from backing and partition, 
e^ = fraction scattered from gas and chamber walls 
towards the partitions. 
For thin backing and partition, these parameters are expected 
to be small. 
One calculates the counting rate in the top chamber 
alone, the bottom chamber alone, and both chambers together. 
The counts that enter the top chamber include the background, 
those that come from the source directly, those that are 
heading towards the bottom chamber but get scattered into the 
top chamber, and those that are heading towards the bottom 
chamber, are not absorbed or scattered in the backing but are 
scattered back towards the top chamber by the gas and chamber 
walls, and then are not scattered or absorbed in the backing 
or the partition and enter the top chamber. 
Nti = pt + Noi + ciNoi + (1 - ai_~ .Cj_) e^l - b± - d^) NQi 
The counts that enter the bottom chamber include the back­
ground, those that come directly from the source and are not 
absorbed or scattered in the backing, those that are heading 
towards the top chamber, are scattered from the gas and walls, 
and enter bottom chamber through the partition, and those that 
are scattered from the backing into the top chamber, scatter 
from the walls and gas in the top chamber, and enter the 
bottom chamber through the partition. 
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Nbi - Pb + (1 - + ej_(l - bjL - di)Noi 
+ c^d - b± - d±) Noi 
The counts that enter both chambers include the back­
ground, those that enter the top chamber directly, those that 
scatter from the backing and enter the top chamber, and those 
that are not absorbed or scattered and enter the bottom 
chamber. 
Ntbi = Ptb + Noi + eiNoi + (1 - - c±)Noi 
No higher order reflections enter these formulas because once 
a particle has entered a chamber and made a count, succeeding 
traversais do not produce new counts. 
Using the definition n! . = N,. + P* and redefining 
s1 s1 % 
ej_ (1 - b^ - dj_) = f^, the three equations become 
Nti/Noi = (1 + ci) + (1 - AI - CJ_) f ±  
Nbi/Noi = (1 - a^ - c±) + (1 + Cj^) fj_ 
Ntbi/N0i = (2 - a^) =(1 - ai - c^) + (1 + CJ_) . 
These equations can be solved for the parenthetical quantities 
giving 
(1 + ci) Noi = Ntbi(Ntl)i - Nbi)/(2Ntt>i - ^ i ~ Nti* (D 
(1 - a± - Ci)Noi = Ntbi (Ntbi - Nti)/(2Ntbi - %bi - Nti} (2) 
(1 + f±) = (Nbi + Nti)/Ntb±. (3) 
This last equation is the most useful since fi can be expected 
to be independent of which source is used. The other 
parameters depend upon the backing which may vary in thickness 
from source to source. However, f^ depends to first order on 
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only, and is not a function of the backing thickness. 
Thus assuming f to be a constant, the quantity (N^ + 
Nti)/Ntbi a constant independent of the source strength. 
Equation 3 can be used to determine the dead time. As 
is explained in Section F of Chapter III, the measured count­
ing rate M is related to the true counting rate N by the 
equation M = N/(l + NT) where the dead time T is a parameter 
of the counter and its circuit. If a background P is present, 
N should be replaced with N + P. Thus M » (N + P) / [l + 
(N + P)T]. If T is small enough, the N + P in the denominator 
can be replaced with M. Then solving for N, one gets N = 
M(1 4- Mr) - P. Using two different strength sources, i = 1 
and i = 2, Equation 3 becomes 
**bl + Ntl **b2 + Nt2 
Ntbl Ntb2 
Substituting for N the quantity M(1 + Mr) - P, one has 
[Mfait1 + MbiT) - Pfa] T [MtiU + Mti?) - Ptl 
Mtbl+ MtblT^ ~ Pbt 
_ ^Mb2(1 + **b2T) " ^b] + [^t2^ + Mt2T) " 
Mtb2(1 + Mtb2T) - pbt 
This quadratic equation can be solved for T since all the 
other quantities are measured. Using the value of T SO ob­
tained the N's in Equations 1, 2, and 3 are calculated from 
the measured M's by the equation N - M(1 + Mr) - P. 
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It is seen that the desired quantity N0i cannot be cal­
culated directly but occurs in combination with 1 4- c^ or 
1 - ai - Ci. An auxiliary relation is needed between ai and 
Ci» An estimate of the size of ai and Ci can be gained from 
dividing Equation 1 by Equation 2 and expanding. One gets 
1 + ai + 2ci + ••• = a function of the N^. 
The quantity ai + 2ci was less than 20% for all but the In114 
source where it was 30%. Since these quantities are small, 
it is assumed that for a given source material and a given 
backing material, ai = nci where n is independent of the 
thickness of the backing. It was next established that pre­
cision of a few percent could be attained in pipetting equal 
volumes. A very thin backing of Formvar (a thickness less 
than 0.1 mg/cm2) was made and the same quantity of radioactive 
solution was placed on it as an another backing of the usual 
thickness of 0.9 mg/cm^. The quantity (a^ + 2ci) was about a 
tenth as large for the thin backing as for the thick indicat­
ing an approximately linear dependence of ai and Ci upon the 
backing thickness and justifying the use of ai • nci. As­
suming the activities on the different backings are equal, a 
value of n of unity is obtained upon solving Equations 1, 2, 
and 3 for n. This implies 
Noi • Ktbi<3Ntbi - 2Nbi - Ntl)/3(2Ntbi - Nbi - My) . 
The error described to N0i is quite conservative and amounts 
to letting n vary between 1/2 and 2. This error is a reflec­
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tion on the calculation of n and combines the uncertainty in 
the pipetting precision, the counting statistics, and the un­
certainty that the assumption a^ = nc^ is valid. Another un­
known is the effect of the source thickness, the analysis be­
coming prohibitively complicated if this effect is incorpor­
ated. The result, a 2-5% error, is felt to be adequate. The 
quantities entered in Table 7 are Nq2, 100% x AN02/N02, 
(a-L + a.2)/2 and f. 
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IX. APPENDIX B 
As was mentioned in Section H of Chapter III the bulk of 
the data has been placed in a separate repository. Presented 
in Table 13 is a sample of the analysis to show how the cor­
rections are applied. The sample is part of Run No. 8. The 
target is 0.4 mil gold, the synchrotron energy 0.51X = 35 Mev, 
and the dose is 45 clicks. Because of this last, the cor­
rected counts N are multiplied by 50/45 to convert to the 
standard dose of 50 clicks. It should also be stated that 
the corrected counts "N" are the result of subtracting the 
average "background" from the average of "N + background". 
The latter is the average of the "N + background" in Table 13 
and in the remainder of Run No. 8. Finally, the quantities 
U, V, W and Y should be multiplied by 10^. 
Table 13. Analysis of a typical set of data 
E-l t 
(Mev) Mp Mc Mg (sec) 
0.09 3584 180 1674 292 
0.19 3858 338 2197 296 
0.29 4239 511 2561 301 
0.39 4485 641 2627 306 
0.49 4542 681 2765 308 
0.59 4630 772 2797 296 
0.69 4760 750 2735 310 
0.79 4643 719 2730 304 
0.89 4683 700 2614 291 
0.99 4712 676 2680 381 
1.09 4853 674 2548 318 
1.19 4844 678 2484 283 
1.29 4909 637 2544 307 
1.39 4787 601 2521 305 
MgMpTc/t Mc-MgMpTcA 
96 
134 
169 
180 
191 
205 
197 
195 
197 
188 
182 
200 
191 
186 
84 
204 
342 
461 
490 
567 
553 
524 
503 
488 
492 
478 
446 
415 
Table 13. (Continued) 
1 - MgTg/t- CdCn N + bg. 
-MgTc/t-MpTG/t 
0.851 0.973 96 
0.821 0.973 242 
0.799 0.972 416 
0.795 0.972 564 
0.788 0.972 605 
0 .777 0.971 709 
0.787 0.971 682 
0.785 0.971 648 
0.782 0.970 624 
0.795 0.970 595 
0.800 0.970 597 
0.781 0.969 593 
0.793 0.969 545 
0.794 0.969 506 
Back- N(50/45) l/pT(p) 
ground 
68 
68 
104 
129 
154 
165 
195 
203 
218 
219 
241 
232 
267 
230 
78850 
12450 
6600 
4830 
4060 
3 560 
3170 
2880 
2650 
2460 
2300 
2170 
2070 
1980 
14 
181 
347 
441 
473 
555 
517 
481 
469 
422 
381 
434 
329 
336 
Table 
U 
1080 
2253 
2290 
2130 
1920 
1976 
1639 
1385 
1243 
1038 
876 
942 
681 
665 
(Continued) 
LJPU' a2p2U" V E/p W [1 + Xs0] ^  Y G 
+6 -2 1084 1.887 2046 0.533 1091 9.2 
+1 -4 2250 1.465 3296 0.691 2278 19.2 
-1 -5 2284 1.302 2974 0.798 2373 20.0 
-2 -3 2125 1.218 2588 0.632 1636 13.8 
-3 -2 1915 1.166 2233 0.564 1259 10.6 
-4 -1 1974 1.131 2233 0.509 1137 9.6 
-5 0 1634 1.107 1809 0.463 838 7.1 
-5 +2 1382 1.089 1505 0,497 748 6.3 
-5 +4 1242 1.075 1335 0.535 714 6.0 
-5 +5 1038 1.065 1105 0.580 641 5.4 
-5 +8 
1 
879 1.056 928 0.576 535 4.5 
-4 +11 949 1.049 996 0.572 570 4.8 
-4 +14 691 1.043 721 0.568 410 3.5 
-3 +15 677 1.039 703 0.564 396 3.3 
